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Abstract 
Executive Dysfunction and Reward Dysregulation: Interactions in Drug Addiction 
by 
Kristen Paula Morie 
Advisor: John J. Foxe, Ph.D. 
 
 Cocaine addiction is a serious public health hazard, and contributes to disastrous 
outcomes for individuals who suffer from it. Addiction is accompanied by an inability to 
control one's own behavior, and a preoccupation with cocaine at the expense of other 
rewarding pursuits. Previous research has suggested that difficulties with executive 
function and reward processing may underlie these problems, but the extent to which 
each contributes to addiction severity, or how these two factors may interact, remains to 
be elucidated. By using event related potential (ERP) measures in combination with 
information about self-reported anhedonia over three experiments, we set out to more 
clearly define the phenotype of cocaine addiction and to investigate the extent to which 
executive dysfunction and reward dysregulation are associated with addiction severity. 
A model was designed to examine these factors. In addition, in a fourth study we 
investigated the integrity of executive functioning in both neutral and emotional 
contexts in abstinent cocaine users. We found that cocaine users show much more 
anhedonia than controls, and this anhedonia is associated with addiction severity. In 
addition, anhedonia is associated with poorer ability to monitor behavior when working 
toward reward, with increased reward motivation in both controls and cocaine users, 
and also with reduced consummatory reward response in cocaine users. Intriguingly, 
however, anhedonia is not associated with executive function deficits that are found in 
v 
 
cocaine users, and these same executive function deficits are not associated with 
addiction severity. Finally, we show these executive function deficits to be normalized in 
abstinent cocaine abusers, and show that abstinent cocaine abusers do not modulate 
inhibitory response in response to emotional stimuli. Combined, these findings suggest 
that addiction is a phenotype defined by the presence of both reward dysregulation and 
executive dysfunction, and that reward dysregulation especially is associated with 
increased severity of the syndrome. These findings are then discussed in terms of a 
possible mechanistic model.  
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GENERAL INTRODUCTION   
 Drug abuse is a devastating social and medical problem in the United States. In a 
2011 report of adolescent drug use by the National Institute on Drug Abuse (Johnston, 
2013), usage rates of any illicit drug ranged from an astonishing 15 percent in 8th grade 
to nearly 40 percent by the twelfth grade. Percentages of cocaine and heroin use among 
all young adults were estimated to be at 3 and .5 percent respectively, with cocaine being 
one of the five major drug classes commonly abused. The usage rates of amphetamines 
and marijuana were higher, reaching 10 percent and 40 percent respectively by the 
twelfth grade. As reported in a 2010 national survey on drug use and health, among 
those twelve years of age and higher, 8.9 percent of the population had used an illicit 
drug in the past month (Johnston, 2012).  
 Drugs of abuse act directly on reward processing systems, giving the user feelings 
of euphoria (the “high”). The DSM-IV defines drug abuse as “a maladaptive pattern of 
substance use” that leads to out of control use as initial abuse develops into dependence, 
and this general definition has followed into DSM-V, which breaks addiction syndromes 
down into severity levels but discards the stark divide between abuse and dependence. 
Long term drug abusers show several negative consequences of their abuse. Heroin use 
leads to unpleasant withdrawal symptoms like nausea, vomiting, diarrhea and pain, 
while alcohol has been associated with effects as mild as hangovers to severe withdrawal 
seizures. Cocaine is widely considered the most potentially dangerous drug, and is the 
most common cause of drug related ER visits according to the Drug Abuse Warning 
Network (DAWN, 2012). Cocaine use is associated with a myriad of medical problems 
ranging from high blood pressure to sudden cardiac arrest 
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(http://emedicine.medscape.com/article/813959-overview). Further, all drugs of abuse 
can lead to problems with law enforcement, disintegration of family or social ties, and 
loss of work. Yet many users continue to take their drug of choice in the face of these 
consequences. 
 There are two avenues of recent research on drug addiction that explore why 
users may persist in their abuse despite severely negative outcomes. Much research has 
focused on the executive functioning deficits that are often associated with drug abuse, 
and an even larger collection of research has focused upon the aspects of reward 
processing and their dysfunction in drug abusers. The goal of the body of work 
presented here was to see how these two elements of the addictive phenotype interact 
and how they influence the development of, and recovery from, drug abuse. We 
proposed a model of drug addiction that includes executive function and affective 
dysregulation, and we performed four experiments to explicitly test it.  
Reward and Monitoring 
 Before we begin examining how drugs of abuse alter the major systems involved 
in reward processing, we must review how these systems function under normal 
circumstances.  
 Reward is an important aspect of learning and motivation. Most, if not all, 
activities undertaken by an organism are carried out to achieve some sort of reward, 
either in the short or long term. Studies in rodents showed that reward seeking 
behaviors increased as amount of reward relative to effort was increased, and reward 
seeking behavior decreased (also known as behavioral extinction) when reward was 
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withheld (Kirshenbaum, 2000, 2003). Humans also continuously monitor their own 
behavior (Jocham and Ullsperger, 2009) and evaluate and re-evaluate reward 
contingencies and task effort based upon their own performance and the amount of 
reward received (Croxson et al., 2009). Monitoring and reward processes are closely 
linked (Sturmer et al., 2011), though there is evidence that they are also dissociable 
(Baker and Holroyd, 2011). We will discuss the underlying neuropharmacology 
associated with these processes and then turn to our investigation of the mechanisms of 
reward and task monitoring and how they interact. 
Neurobiology of reward and monitoring-Dopamine 
 Roy Wise performed experiments to determine which neurotransmitter system 
influenced reward based activity. Mice trained to lever press for pellets showed 
extinction of this behavior once treated with the dopamine antagonist pimozide, similar 
to how they behaved when a lever press no longer resulted in food reward (Wise, 1981). 
Pimozide-treated mice also decreased locomotion for food reward, which was 
behaviorally similar to when the food was simply not present (Wise, 1978). Pimozide 
also blocked normal self stimulation behavior in mice (Fouriezos, 1976). While there is 
always the argument that DA antagonists are impairing motor behavior, taken together 
these results were interpreted as the pimozide blocking the rewarding quality of these 
behaviors. 
 These early experiments highlighted dopamine as the potential neurotransmitter 
that underlies reward. Later studies in animals lent more evidence to this interpretation, 
while also adding motivation toward reward to dopamine's functional repertoire. 
Mirenowicz and Shultz explored dopamine release in response to appetitive and 
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aversive stimuli. Using intracortical recording techniques, the authors recorded from 
dopamine producing neurons in the substantia nigra (SN) and ventral tegmental area 
(VTA) of two monkeys. When a light signaled an appetitive reward, neurons in these 
areas fired at higher than normal rates, and when a sound signified a noxious air puff, 
firing was reduced from tonic levels (Mirenowicz, 1996). This further supported the 
interpretation that dopamine release encodes rewarding properties of a stimulus. In a 
more recent study, monkeys were shown images that were linked to specific amounts of 
juice reward. The authors recorded from dopamine producing neurons in the ventral 
striatum (Cromwell, 2002). 50% of the neurons recorded in this area showed different 
levels of activation depending on what amount of reward the monkey expected. Single 
cells showed firing rates that correlated with expected reward, and high, medium and 
low reward sensitive neurons were recorded.  
 The simple relationship between dopamine and reward is not the whole story, 
however. Dopamine is sensitive not only to reward, but also to expectation of reward 
and to novelty as well as to punishment and expectation of punishment. This suggests a 
role for dopamine in ongoing monitoring and ultimately, learning. Early evidence for 
this comes from work that investigated rates of acquisition of lever pressing for food in 
two groups of rats--those treated with pimozide and those who were not (Wise, 
1981).The pimozide treated rats demonstrated slower learning than controls, and rats 
given the highest levels of pimozide showed no learning at all of the task. Further 
evidence for the role of dopamine in reinforcement learning comes from numerous 
studies that have shown DA release to reward-predictive stimuli. Mirenowicz 
demonstrated reward-related activity in the substantia nigra of monkeys in response to 
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liquid juice reward. When a cue and a subsequent reward were paired together, 
dopamine activity increased over time to the sound of a reward-predictive cue 
(Mirenowicz, 1994) rather than to the actual release of the juice. This was not the case 
when the cue and reward were not paired. Hollerman and Schultz replicated this 
finding, while also demonstrating that a cue that predicts reward that is then not 
followed by such reward results in an error signal, suggesting a possible role for the 
dopamine system in learning from errors (Schultz et al., 1997, Hollerman, 1998). 
Indeed, this dopamine activity has been linked to the magnitude of the reward 
prediction error (Bayer et al., 2007). Recordings in the substantia nigra of rats also 
revealed dopamine activity in response to a cue that signaled the opportunity to respond 
for a sucrose reward, and this cue-related dopamine activity was not present in rats 
naive to the cue-reward association (Roitman, 2004).  
 Reward and monitoring in Humans  
 Investigating responses to discrete reward amounts is not limited to animal 
research. Imaging research in humans has pointed to areas of the brain that are 
uniquely sensitive to reward, including the midbrain, ventral striatum, globus pallidus, 
insula, prefrontal cortex, thalamus and subgenual cingulate (Elliott et al., 2000). 
Research using positron emission tomography (PET) has revealed dopamine release in 
regions of the striatum and nucleus accumbens during rewarding video games (Koepp et 
al., 1998) and during rewarding monetary tasks (Pappata et al., 2002). Later research 
has revealed that BOLD signals in the nucleus accumbens increase during expectation of 
reward, and increase or decrease as a linear function of reward outcomes (Abler, 2006). 
Many of these studies demonstrated that over time, reward response becomes time 
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locked to the onset of the cue predicting reward rather than to the receipt of reward 
itself.  
 In humans, dopamine is thought to modulate learning via task monitoring 
pathways as well as reward pathways (Holroyd et al., 2009). DA is released upon 
prediction of reward, and the difference in DA release upon receipt of reward or failure 
to receive reward encodes negative or positive outcomes. Further, reward can be 
subdivided into anticipatory (expecting an upcoming reward) and consummatory (the 
response and enjoyment of received reward) processes, which are temporally distinct. 
While it is more difficult to directly investigate neurotransmitter systems in humans, 
research using ERP has examined these fast acting mechanisms of reward. ERP studies 
have focused on the mechanisms of reward, which have revealed electrophysiological 
activity associated with not only reward (Bellebaum et al., 2010), but also conflict 
processing (Baker and Holroyd, 2011), task monitoring (Holroyd and Coles, 2002) and 
task preparation (Ikeda, 1996, Leuthold et al., 2004). To achieve reinforcement learning 
and perform proper reward guided behavior, reward processing mechanisms must 
interact with task monitoring mechanisms to achieve reward motivated goals. How 
these two systems interact, however, is not clear.  
 Chapter 1 of this work will explore the interaction of anticipatory, consummatory 
and task monitoring mechanisms in human participants using the exquisite temporal 
sensitivity of event related potentials (ERPs). This will pave the way for investigation of 
these same reward processing mechanisms in participants who suffer from substance 
dependence.   
Drugs of Abuse and their Mechanisms of Action 
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 Drugs of abuse exert their powerful effects by acting upon the mechanisms 
normally responsible for reward processing and motivation. Each commonly abused 
drug results in similar behavioral patterns of abuse, but their mechanisms of action 
deserve review.  
Alcohol: Alcohol is one of the most widely used--and abused--psychoactive drugs 
available. It is a central nervous system depressant and use leads to impaired 
coordination, disorganized thinking, and in high doses leads to unconsciousness. It is a 
modulator of the inhibitory neurotransmitter GABA, binding to GABAa receptors 
(Mcbride et al., 1990). It also decreases the binding ratios of NMDA receptors to 
glutamate, acting as an antagonist to the NMDA receptor, and this is thought to 
contribute to many of alcohol’s primary effects on behavior (Lovinger et al., 1989). 
Other physiological effects of alcohol include the release of dopamine and serotonin in 
the nucleus accumbens (Yoshimoto et al., 1992). 
Heroin: Heroin is another depressant drug and is derived from the opium poppy. 
Within the body it crosses the blood brain barrier more readily than morphine, and then 
is broken down into morphine, where it binds tightly to u-opioid receptors within the 
brain. This results in powerful analgesic effects, along with a state of intense relaxation 
and euphoria when used recreationally. Mechanisms of action include u-opioid receptor 
binding in the central nervous system and gut, as well as increasing extracellular 
dopamine in the nucleus accumbens shell (Tanda et al., 1997). 
Cocaine/Crack: Cocaine readily crosses the blood brain barrier, and acts as a serotonin-
norepinephrin-dopaminergic reuptake inhibitor, resulting in large amounts of these 
neurotransmitters gathering in the extracellular space and leading to a large number of 
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neurotransmissions. The high density of dopamine transporters in the prefrontal cortex, 
VTA and nucleus accumbens leads to large amounts of dopamine release in those areas 
after use of cocaine, leading to its rewarding effects (Hemby, 1997). Cocaine and its 
smoked variant, crack, result in intense feelings of euphoria, along with disorganized 
thinking and intense energy. 
THC: The active ingredient in marijuana is THC, which binds to cannabinoid receptors 
in the brain and peripheral tissues. By activating these receptors, the adenyl cyclase 
second messenger system is inhibited, which leads to increased release of dopamine 
(Gerdeman, 2003) and results in a relaxed, euphoric state.  
Nicotine: Nicotine is the active ingredient in tobacco products such as cigars and 
cigarettes, and this compound is widely considered to be incredibly addictive. Work in 
rats revealed that mesolimbic dopapaminergic neurons in the ventral tegemental area 
and nucleus accumbens possess nicotine receptors (Clarke, 1985, Swanson, 1987). 
Animal work has also revealed excitation of dopaminergic cells in the VTA and nucleus 
accumbens by nicotine (Imperato, 1986, Calabresi, 1989). Nicotine also works indirectly 
by binding to nicotinic acetylcholine receptors, which results in an increase in the levels 
of extracellular dopamine.  
Biology of the development of Drug Abuse 
As can be inferred from the information above, most drugs of abuse have a direct or 
indirect effect on dopamine. As reviewed earlier, DA is often thought of as the 
neurotransmitter associated with reward and motivation (Fouriezos, 1976, Wise, 1978, 
1981, Wise, 1996, Wise, 2008). Receipt of reward leads to release of dopamine in the 
striatum (Mirenowicz, 1996) which leads to both a sensation of reward as well as a 
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strengthening, due to DA’s modulation of glutamate, of the pathways by which the 
reward was received and a weakening of others. This mechanism of behavioral 
strengthening is thought to be due to the observation that DA release propagates back in 
time to the onset of the action taken to receive reward, rather than to the reward itself. 
When a rewarding action is repeated many times, such as an animal pressing a lever for 
sucrose or a button for juice (Hollerman, 1998, Roitman, 2004), the actions taken to 
receive reward will eventually result in the DA release rather than the reward itself. In 
other words, dopamine perpetuates its own release behaviorally by amplifying behaviors 
that lead to its release and inhibiting ones that do not.  
 This understanding of DA and its role in drug abuse is the basis for an important 
model of drug addiction. The Incentive Sensitization Theory, postulated by Robinson 
and Berridge (Robinson and Berridge, 1993), operates on an understanding that 
increased drug use will lead to dysregulation between the response to a cue predicting 
drug reward and the actual enjoyment of the reward. For example: Cocaine in particular 
is a potent drug, as it inhibits reuptake of DA, resulting in high extracellular levels of the 
neurotransmitter. This results in a powerful sensation of euphoria. The large amounts of 
DA released by cocaine use strengthens the behaviors associated with taking cocaine. As 
cocaine use is continued, addicts will begin to find cues associated with cocaine use to be 
rewarding, and such cues will lead to DA release (Wong et al., 2006), which is associated 
with craving and motivation to take cocaine (Volkow, 2006). However, their enjoyment 
of the drug is reduced, as only the cues associated with use or responses to cocaine cues 
become sensitized through DA's effect on glutamate (Wolf, 2006). This sensitization of 
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circuits leads to a dysregulation between wanting the drug (the craving) and the actual 
enjoyment of the drug (the liking).   
Anhedonia and drug abuse 
 However, strengthening of the response to cocaine cues is only part of the story, 
and rather than relying on a specific focus on this sensitization toward cues, it is 
important to consider the effect of drugs of abuse on subjective reward experience. D2 
receptors, as well a host of other receptor types, are downregulated in response to the 
high levels of DA and other neurotransmitters that circulate as a result of drug use, 
resulting in poorer transmission when the drug is not being used (Wyatt, 1988, Martinez 
et al., 2004, Martinez et al., 2005, Martinez, 2007, Volkow, 2007, Fehr, 2008). This 
may contribute to general feelings of reduced pleasure and amotivation. The 
combination of drug seeking behavior being strengthened at the expense of other 
behaviors, as well as a negative state that is unmotivated by more conventional sources 
of reward, is an important aspect of drug addiction, and is explored by Kenneth Blum's 
theory of Reward Deficiency Syndrome (Blum et al., 1995, Blum et al., 2000, Blum et al., 
2012). This theory postulates that those with poorer DA transmission by virtue of 
environment or genetic factors (DRD2 receptor subtypes, COMT genotype) experience a 
decreased ability to feel reward from everyday activities. This decreased ability to feel 
reward is often referred to as anhedonia.  
 Anhedonia is characterized by an inability to derive adequate feelings of reward 
from everyday stimuli, and is thought to stem from impaired DA processes (Wise, 
2008). Typically, the main symptoms associated with anhedonia are reduced sensations 
of reward and especially amotivation (Treadway and Zald, 2011). Anhedonia is a trait 
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commonly seen in disorders associated with altered DA processing, such as depression 
and schizophrenia, and anhedonia is also prevalent in substance dependence 
(Erlenmeyer-Kimling, 1993, Janiri et al., 2005, Franken et al., 2007a, Martinotti et al., 
2008, Hatzigiakoumis et al., 2011). Substance users have demonstrated reward 
deficiency in work investigating response to emotion, which found that drug users 
showed a blunted response to non-salient and non-drug related stimuli (Dunning et al., 
2011). This is typical in populations with anhedonia. 
 Animal and human work has suggested that anhedonia may play a key role in the 
instigation and development of drug abuse (Haile et al., 2007, Hatzigiakoumis et al., 
2011), possibly serving as a vulnerability factor (Dorard et al., 2008) or as an effect of 
long term use. Anhedonia has been associated with increased prevalence of stimulant 
use throughout the lifespan (Leventhal et al., 2010). Imaging work has demonstrated 
that reduced D2 receptor binding contributes to anhedonia in drug addiction (Volkow, 
2002a). Anhedonia may lead those who suffer from addictive disorders to pursue 
intensely rewarding experiences, like drug use, in order to relieve this negative state. 
Indeed, this raised threshold for reward leads to increased enjoyment of intense 
rewards, evidenced by the finding that healthy controls with lower amounts of D2 
receptors in the striatum rated the experience of taking the stimulant drug 
methylphenidate as more enjoyable than those with higher amounts of D2 receptors 
(Volkow, 1999, Volkow, 2002b). 
 Anhedonia and Negative Affect--Stress 
George Koob’s model of opponent motivational processes in addiction also addresses 
the dysregulation of the reward system, while also taking into account the effect of stress 
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that may worsen this dysregulation (Koob and Le Moal, 2008). The evidence for 
dysregulation in humans includes the aforementioned decreases in DA D2 receptors and 
decreased activation of the reward system to normal reinforcers (Volkow, 2000, Martin-
Sölch et al., 2001). This leads to a negative affective state in addiction that is 
compounded further by long term modulation of stress systems by the drug, including 
the system modulated by the hypothalamic-pituitary adrenal axis, resulting in increases 
of the stress hormone cortisol. Altered levels of cortisol can lead to anxiety and 
increased stress, and also stimulate DA release (Oswald, 2005). Recall that DA is also 
released in response to cocaine cues and when participants experience craving (Volkow, 
2006). Thus, these two mechanisms of increased stress and increased DA release as a 
result of that stress, interact to create intense craving. This model strengthens the 
assertion that affective dysregulation and anhedonia in drug abusers, rather than 
causing pure amotivation, promotes the pursuit of rewarding activities to relieve a 
negative state. 
 In chapter 2, we set out to determine the extent of reward deficiency in current 
users of cocaine, as well as their ability to monitor their task success or failure in the 
context of reward. We also investigated the interaction of these two processes, the same 
way we did in healthy controls in chapter 1. By using ERP to investigate reward 
responses of cocaine addicts in a rewarded reaction time task, while simultaneously 
acquiring data about both state and trait anhedonia, we hoped to investigate elements of 
reward processing and see how these processes differed in addiction. We also aimed to 
determine the role that anhedonia may play in addiction severity and how it affects 
these reward and monitoring processes.  
13 
 
Executive Functioning and Drug Abuse 
 Craving, negative affect, and altered reward response are important factors in 
drug abuse. However, not everyone who uses drugs becomes sensitized to them, and not 
everyone who experiences stress and uses drugs becomes dependent. Another equally 
important factor related to the development of drug abuse is the integrity of executive 
function. 
 Executive function is the ability of an organism to control its behavior and plan 
for the future, and is usually split into separate components (Miyake et al., 2000). These 
components include inhibition, which is the ability to withhold inappropriate responses, 
cognitive flexibility, which is the ability to smoothly transition attention from one 
stimulus or task to another, and cognitive control, which is the ability to monitor one's 
actions and correct them if necessary. Other aspects of executive function include 
working memory and attention. Executive functioning is measured via various 
neuropsychological tests, including well known tests such as the Stroop task (Zysset et 
al., 2001), the Wisconsin Card Sorting Task (Demakis, 2003), and tasks that test the 
ability to inhibit responding.  
 Neuropsychological work has demonstrated across-the-board executive 
dysfunction in substance abusers (Fernandez-Serrano et al., 2010). Drugs of abuse like 
cocaine have deleterious acute effects on inhibitory control and cognitive control 
(Fillmore, 2002a, Garavan et al., 2008). Imaging and electrophysiological work has 
revealed that substance abusers displayed reduced inhibitory capabilities and reduced 
cognitive flexibility, along with a blunted response to the negative outcomes of their 
actions (Kaufman, 2003, Garavan and Stout, 2005, Kubler et al., 2005, Garavan and 
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Hester, 2007), and higher levels of apathy along with their executive dysfunction 
(Verdejo-Garcia, 2006). Perhaps related to these deficits, drug abusers also demonstrate 
high levels of impulsivity and sensation seeking (Brady, 1998, Wagner, 2001). 
Electrophysiological work has demonstrated that there are deficiencies in the 
registration stages of error processing and inhibitory capabilities in current cocaine 
abusers (Franken et al., 2007b, Sokhadze et al., 2008), and that current tobacco users 
encounter problems with error awareness (Franken et al., 2010). 
Reduced or altered executive functioning is also thought to be a major risk factor 
for substance abuse (Tarter, 2003). Children of addicts displayed decreased frontal 
white matter, antisociality, aggression and impulsiveness early in life (Ayatclar, 1999, 
Chassin et al., 2002, Measelle, 2007, Iacono, 2008, Kendler et al., 2008, Herting et al., 
2011). They also displayed particular executive functioning deficits in tests like the 
Wisconsin Card Sorting Test, the Tower of Hanoi and the Stroop Test (Giancola, 1997, 
Verdejo-Garcia et al., 2008). Behavioral phenotypes that may predict substance abuse 
have also been examined, and male adolescents who suffer from attention 
deficitiy/hyperactivity disorder, conduct disorder, aggression and who are impulsive 
tended to initiate substance use, and the same was true of girls with antisocial and 
depressive personality types (Chassin et al., 2002, Elkins, 2007). 
In chapter 3, we intend to investigate executive functioning capabilities in current 
users of cocaine. By measuring both inhibitory capabilities and cognitive control while 
simultaneously investigating data about anhedonia from experiments 1 and 2 , we can 
determine how much of a role executive dysfunction plays in drug abuse, which 
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components of executive function play a role, and how anhedonia and executive 
functioning processes may interact in this disorder. 
Recovery 
 Executive functioning capability can predict treatment outcomes. Executive 
functioning deficits can lead to increased relapse rates and denial of drug related 
problems (Blume and Marlatt, 2009). A study investigating reaction times in a drug 
stroop task revealed that performance on the task predicted treatment outcome in a 
cohort of cocaine users (Carpenter et al., 2006), and normalized inhibitory control has 
been observed in successfully abstinent individuals (Connolly et al., 2012). This suggests 
that executive capability in particular is important for recovery from drug dependence. 
In chapter 4 of this body of work, we investigated the extent of recovery of an 
important component of executive function-- inhibitory control-- in a cohort of 
abstinent cocaine and heroin abusers, and observed the time course of this recovery as a 
function of length of abstinence. We hoped that establishing that these executive 
functioning deficits showed recovery in relation to duration of abstinence would help 
confirm if these executive functioning deficits exist primarily as vulnerability markers 
toward addiction, or if they are largely a result of drug abuse.  
 Simple recovery of executive function is not our only interest, however. If 
anhedonia persists after abstinence, we surmised that it may present itself as general 
amotivation to perform a monotonous task, or even a reduced response to otherwise 
arousing emotional stimuli. It is well established in the literature that drug abusers 
respond intensely to drug cues (Chase et al., 2011, Kuhn and Gallinat, 2011), but the 
intensity of their responses to emotional cues are mixed. Some work has shown that 
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addicts displayed sensitized responding to emotional stimuli (Aguilar de Arcos et al., 
2005), while other work demonstrated a reduced response to emotional stimuli 
(Dunning et al., 2011). To disentangle these findings, in chapter 4 we investigated 
whether manipulating the salience of the stimuli would impact inhibitory responses in 
abstinent abusers. We reasoned that if abstinent abusers showed a deficit in responding 
that normalizes during a more salient task, it would strongly suggest that the observed 
deficit lies in the motivational state of the participant rather than in the error processing 
circuit, and would suggest that emotional responding recovers to aid in inhibitory 
responding. However, if they demonstrate a persistent reduced response to emotional 
stimuli and fail to normally modulate their inhibitory effort, it may suggest that affective 
dysregulation persists even into abstinence and effects inhibitory efficacy during 
emotional situations. 
A Model of Drug Addiction 
 Both executive functioning deficits and anhedonia in drug abusers have thus far 
been researched mostly independently, with little focus on how these two core 
components of the addictive phenotype interact and how this interaction may contribute 
to the development of drug abuse. There are clinical populations that suffer from 
executive functioning deficits, such as those with dementia or schizophrenia, which 
generally do not go on to develop addictive behaviors. Similarly, there are populations 
with low hedonic tone, such as those who suffer from depression, who also generally do 
not develop addictive behaviors. Further, the amount of executive dysfunction has 
correlated with addiction severity in past work investigating drug abuse (Verdejo-
Garcia, 2006).  
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 In drug abusers we theorize that the combination of sensation seeking to alleviate 
anhedonia and the lack of ability to inhibit the drive towards reward may contribute to 
increased risk of initiating, and increased severity, of drug abuse. A potential 
mechanism for this interaction is impaired DA projections from striatum to orbito- 
frontal cortex (Ersche et al., 2012). This may lead to a strong drive to seek reward to 
offset the negative affect that accompanies anhedonia, but be coupled with a reduced 
ability to inhibit these reward-motivated activities. Taken together, this may suggest a 
relationship between executive function and anhedonia that can contribute to more 
severe drug abuse.   
 There is evidence that these two processes do interact. Thrill seeking populations 
like skydivers showed higher levels of anhedonia than a control group of rowers 
(Franken et al., 2006). Further, there have been relationships between anhedonia and 
executive function suggested in the literature on schizophrenia (Franke, 1993, Basso, 
1998, Laurent, 2000, Herbener et al., 2005, Tully et al., 2012). A review by Cheetham 
and colleagues (Cheetham et al., 2010) put forward the idea that the strain of regulating 
negative affect may tax control systems, leading to more severe use. However, only one 
study so far has explored this potential relationship in substance abusers, using purely 
clinical measures of executive function (Stevens et al., 2007). These authors found 
anhedonia and executive functioning deficits in polydrug abusers, and found a 
correlation between implicit learning and anhedonia. These authors failed to find a 
correlation between behavioral measures of executive functioning and anhedonia. 
However, they did not employ any electrophysiological or imaging measures. 
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Data from the studies in chapters 1, 2 3 and 4 will be combined to inform a model of 
drug addiction, with a focus on cocaine abusers. The model we present predicts the 
presence of both reward dysfunction and executive functioning abnormalities in cocaine 
abusers. Reward dysfunction will manifest as anhedonia, which will contribute to an 
increased interest in salient rewards, but also to a decreased subjective enjoyment of 
those rewards, in line with incentive sensitization theory. This reward dysfunction will 
also be coupled with reduced executive function. Executive dysfunction will contribute 
to poor self control, poor cognitive control, and reduced task monitoring and monitoring 
of reward probabilities, as well as a poorer ability to regulate the negative mood 
associated with anhedonia. Together, increased anhedonia and decreased inhibitory 
control will contribute to increased severity of drug abuse, and use of drugs will make 
this affective and executive dysfunction more severe over time.   
 However, recovery of executive function and normalized responding to emotional 
stimuli should be associated with successful abstinence. It is hoped that all of this work 
will lead to a more comprehensive understanding of the phenotype of drug addiction, 
 Fig 1: A model of substance dependence.  
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what puts someone at increased risk of drug abuse, and which traits are associated with 
successful abstinence.  
Mechanisms for the model  
 A potential mechanism for this model lies in the dopaminergic pathways of the 
mesocorticolimbic system, which can be subdivided into the mesolimbic dopamine 
pathway and the mesocortical dopamine pathway. Both pathways originate in the 
ventral tegmental area (VTA) in the midbrain, where dopamine producing neurons are 
located. From there, the mesolimbic pathway branches out to the Nucleus Accumbens 
(NAc), the amydgala and the hippocampus while the mesocortical pathway projects to 
the prefrontal cortex. The mesolimbic pathway can be thought of as the pathway that 
gives rise to reward seeking and reward consuming behaviors and processes, while the 
mesocortical pathway is associated with organization and control over these behaviors. 
These two pathways have been implicated as important in the response to acute cocaine 
use (Kufahl et al., 2005). In our model, we surmise that an underlying dopamine 
deficiency will contribute to the reduction in pleasure that is associated with anhedonia, 
and contribute to disorganized anticipatory and consummatory reward processing in the 
mesolimbic pathway that people seek to alleviate by turning to sources of intense reward 
such as drugs of abuse. Simultaneously, this dopamine deficiency will contribute to 
impaired fronto-striatal connections in the mesocortical pathway, resulting in poor top-
down control of reward seeking behaviors. This will lead to impaired monitoring 
abilities in the face of rewards and a general reduction in inhibitory control that is 
associated with the degree of anhedonia. As drug use grows more severe, the increased 
reduction in dopamine due to compensatory mechanisms such as DRD2 receptor 
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downregulation and increased dopamine reuptake will only exacerbate the problem, 
resulting in increased anhedonia and poorer top-down control. At the same time, 
neurotoxic effects from the drug will worsen executive function. 
 Studying these processes in a cohort of currently using and abstinent cocaine 
users will allow us to determine the extent of the relationship between hedonic tone and 
executive functioning and how it operates in both drug users and non-using controls. 
Examining both active users and abstinent abusers will shed light on the mechanisms by 
which addiction grows more severe and how it may be alleviated, and will guide future 
treatments that may be developed to target these particular traits in drug addiction. 
Identifying the relationship between these behavioral and cognitive effects of drug use 
will help future programs develop treatments that tackle these particular deficits in a 
more efficient way. The comprehension of how these processes may change as addiction 
grows more severe will allow for quicker identification and assignment into proper 
treatment protocols and will aid the development of new treatments that will focus on 
particular deficits associated with addiction severity. Finally, identification of this 
combination of traits as a risk factor will help with identification of those at risk for 
developing substance dependence. 
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ABSTRACT 
Task execution almost always occurs in the context of reward-seeking or punishment-
avoiding behavior. As such, ongoing task monitoring systems are influenced by reward 
anticipation systems. In turn, when a task has been executed either successfully or 
unsuccessfully, future iterations of that task will be re-titrated on the basis of the task 
outcome. Here, we examined the neural underpinnings of the task-monitoring and 
reward-evaluation systems to better understand how they govern reward seeking 
behavior. Twenty-three healthy adult participants performed a task where they accrued 
points that equated to real world value (gift cards) by responding as rapidly as possible 
within an allotted timeframe, while success rate was titrated online by changing the 
duration of the timeframe dependent on participant performance. Informative cues 
initiated each trial, indicating the probability of potential reward or loss (four levels 
from very low to very high). We manipulated feedback by first informing participants of 
task success/failure, after which a second feedback signal indicated actual magnitude of 
reward/loss. High-density EEG recordings allowed for examination of event-related 
potentials (ERPs) to the informative cues and in turn, to both feedback signals. Distinct 
ERP components associated with reward cues, task preparatory and task monitoring 
processes, and reward feedback processes were identified. Unsurprisingly, participants 
displayed increased ERP amplitudes associated with task preparatory processes 
following cues that predicted higher chances of reward. They also rapidly updated 
reward and loss prediction information dependent on task performance after the first 
feedback signal. Finally, upon reward receipt, initial reward probability was no longer 
taken into account. Rather, ERP measures suggested that only the magnitude of actual 
reward or loss was now processed. Reward and task monitoring processes are clearly 
dissociable, but interact across very fast timescales to update reward predictions as 
information about task success or failure is accrued. Careful delineation of these 
processes will be useful in future investigations in clinical groups where such processes 
are suspected of having gone awry. 
Keywords: Reward; Punishment; Task Monitoring; EEG; ERP; Motivation 
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INTRODUCTION  
 It could reasonably be argued that all activity undertaken by an organism is in the 
service of achieving reward, either in the short or long term. Organisms must determine 
the potential value of a reward and develop and adjust reward expectations depending 
on environmental contingencies, and monitoring of ongoing activity and calibration of 
task effort and preparation occur in the context of these reward expectations and are 
adjusted based on outcomes (Ryan, 1983, Deci et al., 1999) . There has been great 
interest in the neural underpinnings of both reward processing and task monitoring and 
how these processes and their underlying brain circuitry interact to govern reward 
seeking behavior.   
 Functional Magnetic Resonance Imaging (fMRI) has demonstrated the presence 
of at least partially distinct brain mechanisms for task monitoring and reward 
processing. Work has implicated the orbitofrontal and prefrontal cortices in the 
representation of rewarding items and reward prediction while participants performed 
gambling tasks (Dreher et al., 2006, Preuschoff et al., 2006) or delayed reward tasks 
(Kable and Glimcher, 2007). Meanwhile, the ventral striatum and anterior cingulate 
cortex have been implicated in task monitoring when participants made errors while 
bidding for rewards (Hare et al., 2008), when participants evaluate task effort needed to 
obtain primary rewards (Prevost et al., 2010), and when evaluating conflict between 
high risk or low risk choices (Kuhnen and Knutson, 2005). 
 Neuroimaging, however, is not ideal for examining the interaction of processes 
that may occur over very fast timescales. To this end, researchers have examined various 
components of the Event Related Potential (ERP), which provide temporally precise 
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measures of information processing well-suited for the examination of reward 
processing and task monitoring. Work by Pedroni et al., (2011), which examined the 
timing and topography of reward responses, has put forth the suggestion that early 
processing of reward feedback results in a binary, "Good/bad" evaluation, while later 
processes take into account more detailed information. Further, their work identified 
different topographies for rewards and losses, suggesting a need to examine these 
processes in more detail. ERP components associated with reward processing include 
the so-called "Correct Related Positivity," which arises as early as 200 to 250 ms after 
cues predicting reward (Holroyd et al., 2011, Yu, 2011), and the P300, a component that 
arises later between 300-600 ms and is usually associated with arousal and attention to 
task (Polich and Kok, 1995). The P300 is also sensitive to elements of reward 
processing, such as the magnitude and valence of the reward (Hajcak et al., 2005, Sato 
et al., 2005, Wu and Zhou, 2009). However, there remain open questions in this 
literature about these components. Work by (Yeung and Sanfey, 2004) suggested that 
the P300 is sensitive to reward magnitude alone. By investigating reward and 
monitoring in separate stages, we are well positioned to shed light on this question. 
 ERP research of task monitoring in the context of reward has focused on a 
component often referred to as the Feedback Related Negativity (FRN), a negative-going 
deflection in the ERP occurring approximately 200-300 ms after the receipt of external 
feedback (Miltner et al., 1997). Task monitoring and cognitive control in non-reward 
contexts has also been measured using the Error Related Negativity (ERN), which is 
believed to reflect internally generated error monitoring signals as opposed to responses 
to external feedback like the FRN. However, it has been suggested that both the ERN 
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and FRN reflect the same anterior cingulate mechanisms (Gehring and Willoughby, 
2002, Holroyd and Coles, 2002, Nieuwenhuis et al., 2004). Further, a sustained 
negativity called the Contingent Negative Variation (CNV) precedes the onset of a 
predicted stimulus that requires a response (Walter et al., 1964). The CNV can be 
affected by motor or cognitive processes (Leynes et al., 1998) and the probability of 
having to make a specific response (Dias, 2003). Source analysis of the CNV has 
implicated not only premotor and sensory areas, but also aspects of the fronto-parietal 
network that may underlie evaluation of task effort (Gomez et al., 2007).  
 Interactions between reward processing and task monitoring have also been 
investigated during performance of a spatial incompatibility task, wherein participants 
responded using vertically oriented response keys to stimuli that appeared above or 
below a fixation cross. This created both spatially compatible trials and more difficult 
spatially incompatible trials, in a manner similar to the well known Simon task (Simon, 
1963). When reward was contingent upon performance, the ERN and FRN amplitudes 
differed compared to blocks of trials when reward was not contingent upon performance 
(Sturmer et al., 2011). However, there is conflict in the literature about whether the FRN 
is purely related to monitoring of good or bad task outcomes regardless of reward. Some 
have suggested that it reflects only the salience of an unexpected response (Ferdindand 
et al, 2012) while others have suggested it reflects prediction errors in the context of 
reward (Cohen et al, 2007) and is dependent on monitoring related to details about 
reward (Yeung and Sanfey, 2004, Hajcak et al., 2006). Research focused upon the FRN 
is not alone in raising questions about the interaction of reward and monitoring. While 
some research has suggested that the CNV is insensitive to reward (Goldstein et al., 
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2006), other work has demonstrated an influence of monetary incentives (Hughes et al., 
2012).  
 The goal of the current study was to examine reward processing and task 
monitoring in depth, as well as the interactions between these processes. Much of the 
previous work investigating these mechanisms presented the reward outcome 
simultaneously with task performance feedback. This potentially conflates task 
monitoring with aspects of reward processing. To our knowledge, no studies have  
expressly divided task and performance feedback in an ERP paradigm designed to 
examine reward and monitoring separately. Here, we designed a task to at least partially 
dissociate feedback about received reward from feedback about task execution. Our 
paradigm took the form of a speeded reaction time task wherein the presentation of a 
symbolic cue provided information to the participant about the upcoming probability of 
monetary gains or losses based upon performance. The unique manipulation of our task 
was that participants received immediate feedback when they responded, informing 
them only if they had successfully executed their response within an allotted timeframe. 
This allowed them to make a second prediction about the magnitude of the reward they 
were likely to receive. In turn, participants received a second instance of feedback 
informing them of the actual magnitude of their losses or gains. By systematically 
varying reward expectation and reward outcome, we set out to explore the interface of 
task monitoring and reward processing, and how the mechanisms that underlie these 
processes are altered as a function of differing reward contingencies. We recorded high-
density EEG from a 168-channel montage, which allowed us to investigate not only the 
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ERP components associated with reward motivation and task monitoring but to also 
perform source analysis in order to model the underlying neural sources.  
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METHODS 
Participants 
Twenty-four participants were recruited using advertisements on Craigslist and through 
word of mouth. All potential participants were administered the Structured Clinical 
Interview (SCID-I) for the DSM-IV and responded to screening questionnaires related 
to their overall physical and mental health. Exclusion criteria were as follows: 1) Any 
DSM-IV Axis 1 diagnosis; 2) Head trauma resulting in loss of consciousness for longer 
than 30 minutes; 3) Presence of any past or current brain pathology; 4) A diagnosis of 
HIV; 5) Age above 55 years and below 18 years; 6) Any evidence of an alcohol/drug 
dependence diagnosis, including nicotine dependence, or if any biologically-related 
family members had an alcohol/drug dependence diagnosis. One participant performed 
a pilot version of the task and their data were not usable, leaving twenty-three 
participants total. Participants were paid for their participation in the form of one $12 
gift card to a local department store per hour of experiment time. All participants also 
received approximately the same amount of extra money, which was dependent on their 
performance in our reward task and was awarded in extra gift cards. All participants 
signed an informed consent document administered by HIPAA-certified staff (as per the 
U.S. Health Insurance Portability and Accountability Act). All procedures were 
approved by the Institutional Review Board of the Albert Einstein College of Medicine 
and the City College of the City University of New York. The study conformed to the 
principles outlined in the Declaration of Helsinki. EEG recordings for the reaction time 
task were completed on all 23 participants. Participants had an average age of 39 years 
with a range between 25 and 53 years, and an average of 12 years of education with a 
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range between 11 and 16 years. Seven participants were female and 2 participants were 
left-handed. 
Task and Recording Procedures 
For the electrophysiological portion of the study, participants were seated in a dimly lit, 
double-walled, sound-attenuated, electrically shielded room (Industrial Acoustics, 
Bronx, NY). They were seated 80 cm from a LCD monitor (Viewsonic VP2655WP, 55 x 
65 cm). Each block consisted of 100 trials. Participants completed one mandatory 
practice block before the main experiment began. If needed, additional practice blocks 
were allowed. Twenty experimental blocks were run, each lasting approximately 5 
minutes, for a total of 2000 trials. Participants took 30 second breaks between blocks 
and were permitted to take longer breaks when needed to reduce fatigue and 
concentration lapses. There was a succession of visual and auditory stimuli presented in 
a fixed sequence on each trial during this experiment. Participants were required to 
maintain central fixation through the experiment. Visual stimuli were generated and 
edited in Microsoft Paint and auditory stimuli were generated and edited using Matlab 
version 2007b (The MathWorks Inc., Natick, Massachusetts). Visual stimuli were 
presented on a Dell PC using Presentation version 14 (Neurobehavioral Systems, 
Albany, CA). Visual cue and feedback stimuli were presented centrally and subtended 
1.7O horizontally by 1.5O vertically. Auditory stimuli were presented from a set of BOSE 
companion series II speakers, placed 80 cm from the participant at either corner of the 
computer monitor (65 cm apart). 
  Figure 2 
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 The figure illustrates the order of stimuli and what one succession of trials 
consisted of for one of four possible conditions. The first screen of any trial displayed 
one out of a possible set of four stimuli (purple, red, blue or yellow discs) in the center of 
the screen. These discs served as a reward probability cue. Table 1 shows the 
probabilistic outcomes of each of the four probability conditions. The color 
correspondence of the discs to the different probability conditions was counterbalanced 
across participants.  
Condition Hit% Miss% Reward% Loss% Neutral% 
Color 1 (Very High) 70 30 63 27 10 
Color 2 (High) 70 30 42 18 40 
Color 3 (Low) 70 30 28 12 60 
Color 4 (Very Low) 70 30 7 3 90 
 
 
After the disc was displayed for 300 ms, a blank screen, devoid of any fixation cross, was 
presented for 500 ms. An “x” was displayed following this. Participants were instructed 
to respond as fast as they could by clicking the response button on a computer mouse 
with their right hand upon seeing the x. The time frame in which the target “x” was 
displayed was varied as a function of a participant’s ongoing performance, titrated in 
real time using the so-called “up-down transformed-rule” (UDTR) method (Wetherill 
GB. and Levitt, 1965). The UDTR is akin to other simple staircase methods, and it 
involves adjusting the difficulty of the task to ensure a specific fixed level of performance 
across all participants in a given study. In the current experiment, appearance of the 
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small target “x” marked the onset of a response time window within which the 
participant was required to make as fast a response as possible before the response 
window closed. We used a simple “one-up-two-down” UDTR rule here. That is, if the 
participant successfully responded within the time-window twice in a row, then the 
window was narrowed by 20ms to make the next iteration of the task more difficult (this 
is what is referred to as “two-down”). On the other hand, if the participant missed the 
window on the next iteration (or following just one instance of a successful response), 
then the window was readjusted outward by a similar increment of 20ms to make the 
task simpler (i.e. “one-up”). This simple rule essentially pins performance to a specific 
point on the psychometric curve, in this case leading to 70.7% success. Other 
combinations (e.g. 3-up-2-down) can be used to fix performance levels at different 
points on the psychometric.  
 After participants responded, a tone was presented that let the participant know 
whether they had successfully responded within the time frame that the x was displayed. 
This tone was the first instance of feedback. A 100 ms high pitch (1500 Hz) tone 
informed of success, while a 100 ms low pitch (500 Hz) tone indicated failure. Another 
500 ms blank screen followed the tone. After this blank screen, the third visual stimulus 
displayed a feedback symbol. This was the second stage of feedback that informed of 
actual reward. There were five potential feedback outcomes. Rewards, which could only 
occur following a response that was completed successfully within the allotted time 
frame during which the target x was presented, were indicated by a picture of a bag of 
money or a picture of two bags of money, denoting a small and large reward 
respectively. Losses, which could only occur following a failure to respond successfully 
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within the allotted time frame, were indicated by a picture of a red X or a picture of two 
red X's, denoting a small and large loss respectively. The larger magnitude wins or losses 
occurred 50% of the time when a win or a loss would have occurred, and thus large and 
small rewards and losses were equiprobable. The other potential outcome was a black 
bag, which signified that nothing had been gained or lost. This outcome could occur 
regardless of performance. Feedback stimulus meanings were not counterbalanced, as 
previous research has demonstrated the feedback processing system to be insensitive to 
the physical features of the stimuli (Miltner et al., 1997, Holroyd and Coles, 2002). The 
probability of receiving neutral feedback as opposed to an actual reward or loss 
depended on the color of the disc at the beginning of each trial, in accordance with the 
probabilities described above.  
 
The experimental probabilities were designed such that there was an equal chance of 
receiving a loss or a win vs. a neutral outcome if hit and miss rates were equal over a 
period of 1000 trials. Because the hit rate was titrated to 70% and the chance of each 
probability condition occurring was equal, overall chances of receiving rewarding 
feedback were 35%, while overall chances of receiving punishing feedback were 15%, 
with a 50% chance of receiving a neutral outcome.  
 Actual participant instructions were as follows. Participants were instructed that 
they must respond as quickly as they could by pressing the left mouse button when the 
target x appeared on the computer screen. They were informed before the experiment 
began that their chance of being rewarded (or penalized if they did not respond in time) 
depended on the color of the disc at the beginning of every trial. To minimize confusion 
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and to ensure each participant received the same instruction, participants were told the 
color meanings in terms of "very high," "high," "low," and "very low" chances to win. 
They were also informed about the meanings of each feedback symbol in terms of 
points. They were told that a small reward was worth 1 point, a large reward was worth 2 
points, and that the neutral outcome was worth no points. Similarly, a small loss would 
take away 1 point, and a large loss would take away 2 points. The design resulted in 
points being accumulated as the experiment went on at a rate of approximately 20-50 
points per 100 trials.  
 Participants were informed of their cumulative point value in between each block 
during the short breaks. To increase motivation to perform the task and assign more 
salience to the feedback, participants were told that every time they achieved 200 
points, it would result in reward of an extra $12 gift card to local department stores in 
addition to what the participants received hourly. Since our goal was to run 2000 trials 
over 20 blocks, total points accumulated were in the range of 600-700, resulting in an 
overall gain of 3 gift cards per participant. In total, after hourly participation and the 
“winnings” from the experiment were combined, participants earned approximately 
$100. 
Electrophysiological Data Collection and Analysis 
Event-related potentials (ERPs) were acquired from a 168-channel montage at a 
digitization rate of 512Hz with a pass-band of 0.05-100Hz using the BioSemi Amplifier 
System. BioSemi uses two electrodes—the Common Mode Sense (CMS), which is 
actively recorded, and the Driven Right Leg (DRL), a passive electrode—that together 
form a feedback loop that represent the reference. The acquisition of data occurs 
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referenced to the CMS-DRL ground which drives the average potential of the participant 
(i.e. the common mode voltage) as close as possible to the AC reference voltage of the 
Analog-to-Digital box (for description of the BioSemi active electrode system 
referencing and grounding conventions, visit 
http://www.biosemi.com/faq/cms&drl.htm). Data were later referenced off-line to the 
average reference. Channels that were consistently bad were removed from analysis on a 
participant by participant basis to avoid biasing data. Epochs of 900ms, including a 
100ms pre-stimulus baseline, were analyzed for both feedback conditions (i.e. the tone 
indicating task success or failure and the pictorial representation of the task 
reward/loss), and epochs of 1100 ms, including a 100 ms pre-stimulus baseline, were 
analyzed for the cue condition (i.e. the colored disc stimuli). Trials with eye movements 
and blinks were rejected offline based on vertical and horizontal EOG recordings. An 
automatic artifact rejection criterion of +/- 70µV was used at all other scalp sites. All 
analyses were conducted on individual subject averages that were not digitally filtered 
but group data were subsequently low-pass filtered at 45Hz with a 48 db/octave slope, 
purely for purposes of illustration. 
Experimental Conditions, ERP Component Designation and Statistical 
Analyses 
In order to obtain a comprehensive understanding of reward processing and task 
monitoring, we employed three analyses. The goal of the first analysis was to investigate 
the effect of reward probability on mechanisms related to reward anticipation and the 
preparation for the task, and thus we focused this analysis upon the responses 
associated with the presentation of the colored discs that cued different reward 
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probabilities. The purpose of the second analysis was to investigate mechanisms related 
to task performance feedback and how they interacted with reward prediction, and we 
focused this analysis on the responses associated with the presentation of the feedback 
tone. The purpose of the final analysis was to examine the response of the reward 
system after receipt of rewarding feedback, and thus we focused this analysis on the 
responses associated with the feedback stimuli that informed participants of their actual 
gains or losses. We focused our primary analysis on components of interest based upon 
information from previous research that has examined reward and task monitoring 
mechanisms, in addition to conducting follow-up exploratory analyses to more fully 
interrogate the richness of these high-density recordings. Electrode sites were obtained 
by averaging over electrodes D3, D4 and D3 in a conventional 168 electrode array. The 
epochs and electrode sites for all statistical analyses were chosen on the basis of the 
wealth of previous literature that investigated cue- and reward-related ERP 
components, which have been primarily identified over fronto-central scalp regions 
(Hajcak et al., 2006, Foti et al., 2011, Yu, 2011, Walsh and Anderson, 2012). All 
statistical analyses were performed on the mean amplitudes of the components within 
the specified time frames.  
Cue-Related Effects (Reward Anticipation and Task Preparation 
Our first analysis focused upon the response of the system to the presentation of the 
colored discs that cued the four different probabilities of potential reward (63%, 42%, 
28% and 7% absolute probability based on 70% performance). Cue-related effects were 
examined on all trials, regardless of success. Visual inspection of the responses and 
prior work pointed to two main components of interest.   
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The first was a negativity that arose over fronto-central scalp locations between 200 and 
250 ms, which corresponded well to previous descriptions of the “Cue Related 
Negativity” (CRN) (Yu, 2011). A repeated measures analysis of variance (RM-ANOVA) 
between 200 and 250 ms was employed to test for the factor of reward probability on 
this component. 
A second, sustained negative potential arose at approximately 500 ms over left fronto-
central scalp locations and was determined to be the contingent negative variation 
(CNV) (Walter et al., 1964). As with the CRN, RM-ANOVA between 600 and 800 ms 
was employed to test the factor of reward probability on this component. 
Task Feedback Related Effects (Task Monitoring) 
Our second analysis focused upon the neural response to the presentation of the 
feedback tone that informed participants of whether or not they had successfully 
responded within the allotted time limit. Visual inspection of the response showed two 
components of interest.  
While a feedback related negativity (FRN) was initially expected based upon the 
literature in task monitoring and reward feedback processes (Hajcak et al., 2006), the 
observed component did not match previous descriptions in the literature of the FRN. 
The component identified between 200 and 250 ms was in fact a strongly positive-going 
deflection over fronto-central scalp locations rather than a negativity. In fact, this 
component much more closely resembled a classic auditory P2 (Crowley and Colrain, 
2004). A 2 X 4 ANOVA between 200 and 250 ms with factors of valence (success versus 
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failure) and reward probability was employed to test for differences in the amplitude of 
this component. 
The second component of interest was a centro-parietal positivity arising between 300 
and 500 ms, which matched previous descriptions of the well-characterized P300 
component that has also been observed in previous reward paradigms (Wu and Zhou, 
2009). As with the P2, A 2 X 4 ANOVA between 300 and 500 ms with factors of valence 
and reward probability was employed to test for differences in the amplitude of this 
component. 
Reward Feedback Related Effects (Reward Receipt) 
Our third analysis focused upon the response of the system to the presentation of the 
feedback stimuli that informed participants of the actual magnitude of their gains or 
losses. Visual inspection of the response showed two components of interest.  
The first component of interest was a classical FRN arising between 200-250 ms over 
central scalp. A 2 X 4 X 3 RM-ANOVA between 200 and 250 ms with factors of valence, 
probability and reward magnitude was employed to test for differences in this 
component. 
A later positive potential followed the FRN at approximately 300 ms, and was again 
referred to as the P300. A 2 X 4 X 3 RM-ANOVA between 300 and 500 ms with factors 
of valence, probability and magnitude was employed to test for differences in this 
component. 
Table 2 displays the conditions in this experiment, the components of interest 
associated with each one, and the analyses employed for each component.  
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Condition Component of Interest Analysis method  (factors) 
  Early  Late Early  Late 
Cue presentation Cue Related 
Negativity 
Contingent 
Negative 
Variation 
Repeated 
Measures 
ANOVA  
(Probability) 
Repeated 
Measures 
ANOVA  
(Probability) 
Task feedback P2 P300 2 x 4 Repeated 
Measures 
ANOVA  
(Valence x 
Probability) 
2 x 4 Repeated 
Measures 
ANOVA  
(Valence x 
Probability) 
Reward feedback Feedback 
Related 
Negativity 
P300 2 x 4 x 3  
Repeated 
Measures 
ANOVA  
(Valence x 
Probability x 
Magnitude) 
2 x 4 x 3  
Repeated 
Measures 
ANOVA  
(Valence x 
Probability x 
Magnitude) 
Source Localization Procedures 
 We performed inverse source modeling using the Brain Electric Source Analysis 
software suite (BESA 5.1. software; Scherg, 1985, Simpson et al., 1995). BESA employs a 
least squares fitting algorithm, defining location and orientation of dipoles for which the 
maximal amount of variance is explained (Scherg and Picton, 1991). For the purpose of 
modeling, an idealized four-shell ellipsoidal head model with a radius of 90 mm and 
scalp and skull thickness of 6 and 7 mm respectively was assumed. We used a data-
driven stepwise approach, with each segment of the epoch that encompassed an ERP 
deflection successively fitted with a pair of symmetric sources. Note that in dipole source 
analysis, the modeled dipoles represent an oversimplification of the activity in the areas 
indicated by the dipoles and should be considered as representative of “centers of 
gravity” of the observed activity rather precise localizations of generators.  
 For source modeling of the cue condition, we used a time window of 200-25o ms 
for the CRN and a time window of 600-800ms for the CNV. For modeling of both the 
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condition in which the feedback tone was presented and for the condition in which the 
rewarding feedback was presented, we used a time window of 200-250ms for the P2 (for 
task monitoring) and the FRN (for reward receipt) and a 300-500 ms time window for 
the P300 in both conditions. For the cue condition, a difference wave was calculated 
between the Very High and Very Low probability conditions. For the condition in which 
participants heard the feedback tone, a difference wave was calculated between the Very 
High and Very Low probability conditions for the successful outcome, and a separate 
difference wave was calculated between the Very High and Very Low probability 
conditions for the failure outcome. For the reward condition, a difference wave was 
calculated between the Large Reward and No Reward conditions for the successful 
outcome, and a separate difference wave was calculated between the Large Loss and No 
penalty conditions for the loss outcome. Source analysis was exclusively performed on 
these difference waves. 
 
Exploratory Analysis Approach: Statistical Cluster Plots (SCPs) 
An exploratory analysis was performed to more fully probe the richness of these 
high-density data. The SCP approach is a simple method for testing the entire data 
matrix for putative effects and involves the derivation of cluster plots by calculating 
pointwise, paired, two-tailed t-tests between the ERP responses to a given pair of 
experimental conditions. The results of the pointwise t-tests from 168 electrodes are 
displayed as an intensity plot to efficiently summarize and facilitate identification of 
differences within and between groups in the onset and general topographic distribution 
of differential activation associated with the ERP. The abscissa and ordinate axes 
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represent time and electrode location respectively, while the color represents the t-value 
for each data point. We are aware that conclusions based on statistical cluster plots are 
undermined because of the large number of t-tests calculated across the electrode 
montage and recording epoch. In the present data treatment, periods of significant 
difference were only plotted if an alpha criterion of 0.05 or less was obtained and then 
only if this criterion was obtained for at least 11 consecutive data points. The rationale 
for this method of multiple comparison correction is that the likelihood of multiple false 
positive results occurring by chance at n consecutive time points is ∞, assuming 
statistical independence between the time points. However, since actual EEG signals 
cannot change arbitrarily fast, one needs to account for the small amount of dependence 
between adjacent time points, which can be easily achieved by considering the 
autocorrelation of the signal. Even for high autocorrelations and long sequence lengths, 
a criterion of 11 consecutive time points has been shown to be quite conservative in 
avoiding type I errors (Guthrie and Buchwald, 1991, Foxe and Simpson, 2002). These 
SCP analyses are considered post-hoc and simply serve as a means to more fully 
describe effects uncovered in the primary analyses and as hypothesis generation tools 
for future work.  
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RESULTS 
Behavioral Data 
Because performance on this task was continuously titrated online to a 70% success 
rate, there was no possibility for differences in accuracy between probability conditions. 
An analysis of accuracy across the different probability conditions confirmed that this 
indeed was the case (Means: Very High condition: 71.04, St.Dev: 7.2; High condition: 
70.5, St.Dev: 7.8; Low condition: 70.25, St.Dev: 8.3; Very Low condition: 71.54, St.Dev: 
5.1;  (F22 = .5, p > .7). However, it is possible that motivational changes based upon the 
different cued reward probabilities might have resulted in differences in reaction time, 
i.e. low reward probability could possibly have led to more lackadaisical responding.  
This was not the case though since analyses revealed no differences in reaction times 
between any of the probability conditions. (Means: Very High condition: 350.9, St.Dev: 
782.8; High condition: 351.9, St.Dev: 85.1; Low condition: 348.3, St.Dev: 84.4; Very 
Low condition: 350.1, St.Dev: 84.9) (F22 = .7, p > .6). 
Electrophysiological Comparisons 
Reward Anticipation and Task Preparation 
 The goal of this analysis was to investigate reward anticipation and processes 
related to task preparation. Figure 3A displays the electrophysiological responses after 
the presentation of the cue for each probability condition. Figure 3B displays this 
information in a topographical map of the voltage distribution across the entire scalp. 
The information in figure 3B is displayed at two time points that reflect the peak latency 
of our components of interest (i.e. the CRN and the CNV). Source modeling was also 
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performed to estimate the neural generators of this activity, and these models are 
displayed in Figure 3C. 
Figure 3  
  A repeated measures ANOVA was performed on the amplitude of the response 
associated with the reward-predictive cue, which peaked at 230 ms over central scalp. 
This component was consistent with prior reports of the cue-related negativity (CRN). 
RM-ANOVA revealed a significant effect of cue probability on the amplitude of this 
potential (F3,20  = 4.8, p ≤ .01). The Very High and High probability conditions were 
associated with more negative amplitudes. Protected pairwise comparisons to follow up 
this significant main effect revealed significant differences between the Very High and 
Very Low condition (t22 = 2.29, p ≤  .04) and between the Very High and Low condition 
(t22 = 2.1, p≤ .05). A source analysis of the difference wave (Very High “minus” Very 
Low) fit to the time period encompassing the peak of this component (200-250 ms) 
using symmetric dipoles estimated generators in the putamen, which explained all but 
10% of the residual variance. 
 A second RM- ANOVA was performed on the subsequent response, a sustained 
negative potential that was entirely consistent with prior descriptions of the CNV 
(Rohrbaugh et al., 1986, Foxe et al., 2005). Once again, the analysis revealed a 
significant effect of cue probability on the amplitude of this potential (F3,20  = 4.5, p ≤ 
.03), with cues associated with a higher chance of reward (the Very High and High 
conditions) associated with more sustained negative amplitudes. Pairwise follow-up 
comparisons revealed significant differences between the Very High and Very Low 
condition (t22 = 2.31, p ≤ .04) and between the High and Very Low condition (t22 = 2.25, 
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p≤ .04). As can be observed both in the waveforms and in the topographies in Figure 3, 
the CNV had a somewhat left-lateralized topography, very likely owing to the fact that 
our participants performed the task with their right hand and that the CNV is also 
associated with motor preparation (Leuthold et al., 2004)1. A source analysis of the 
difference wave (Very High-Very Low) fit across a 50 ms time-window centred around 
the peak of this component (700-750 ms) using symmetric dipoles revealed generators 
in the cingulate in the region of the supplementary motor area, but only 70% of the 
variance was explained by this solution. Adding a third dipole did not improve the 
solution however. 
  
Motor Performance Feedback: Task Monitoring 
 The purpose of this analysis was to investigate the response of the task 
monitoring system to task performance feedback. Figure 4A displays the 
electrophysiological activity in response to the tone that informed participants whether 
they had performed the task successfully or not. The figure displays the activity in the 
case of the success (hit) or failure (miss) separately, and displays all four probability 
conditions for these two outcomes. Figure 4B plots hit and miss information on the 
same axis, collapsing across probability conditions. Figure 5a displays topographic maps 
of the activity associated with task success and task failure in order to demonstrate the 
clear difference between the response profiles to these outcomes, and this information is 
displayed at two time points that reflect the peak latency of our components of interest. 
                                                          
1
 A reviewer of an earlier version of this paper raised the possibility that CNV topographies might be different in the 
two left-handed participants that served here. Their topographies were therefore examined separately, but were found 
to be essentially indistinguishable from those of the main right-handed group. 
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Figure 5b displays the source modeling solutions. Two separate analyses were 
performed on the separate components that arose as a result of this feedback.  
 Figures 4+5 
 A 2 x 4 RM-ANOVA revealed a significant main effect of valence (hit or miss) on 
the amplitude of the P2 waveform that peaked between 200 and 250 ms over fronto-
central locations on the scalp (F3,20  = 13.1, p ≤ .002). The 2 x 4 ANOVA on the observed 
P2 component did not reveal a significant main effect of probability (F3,20  = 1.2, p > .2) 
or any interaction (F3,20  = .6, p > .7). Source analyses were performed on the difference 
waves which were computed by subtracting the Very High and Very Low probability 
outcomes. This difference wave approach was done on all source localization analyses in 
order to isolate the source of the task monitoring response from any other ongoing 
process. Analyses were fit across a 50 ms time-window spanning the peak of the P2 
component (200-250 ms), and were performed separately for the Hit and Miss 
conditions. Source analysis pointed to generators in the putamen for a task success, 
explaining fully 92% of the variance for this component, and a solution in the caudate 
explained 98% of the variance during a failure.  
 We then analyzed the later P300 component, a positive-going potential that arose 
at approximately 400 ms over centro-parietal locations and was sustained for 300 ms. It 
was also noted that topographies in this processing timeframe were clearly different 
between the hit and miss conditions, with the topography for a successful response 
noticeably more frontal than for a miss (see Fig 4). A 2 X 4 RM-ANOVA of this 
component revealed a main effect of valence (F3,20   = 3.2, p ≤ .03) and a main effect of 
probability (F3,20  = 4.3, p ≤ .01), with an interaction of valence and probability (F3,20 =  
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3.78, p ≤ .03). Follow up paired t-tests revealed that probability conditions affected the 
valenced outcomes differently, underlying the observed interaction. In the win outcome, 
significant differences were present in the High vs Low conditions (t22 = -2.1, p ≤ .05.) 
and in the High vs Very Low conditions (t22 = -2.3, p ≤ .04), where both the Very High 
and High conditions resulted in smaller amplitudes relative to the Low and Very Low 
conditions. In the loss outcome, significant differences were present in the Very High vs 
Very Low conditions (t22 = 3.4, p ≤ .01) as well as the High vs Very Low conditions (t22 = 
2.3, p ≤ .03), where the High and Very High conditions resulted in larger amplitudes 
relative to the Very Low condition.  
 As before, source analyses were performed on the P300 waveforms. Dipole 
sources were estimated over a time-window of 50 ms spanning the sustained portion of 
this component (600-650 ms). This timeframe was chosen as the differences between 
probability conditions were maximal in this time-window. This fitting was performed 
separately for the Hit and Miss outcomes, and performed on the difference wave 
between the Very High and Very Low probability conditions for each outcome. A source 
in the insula explained 90% of the variance in the event of a hit, while a solution in the 
anterior cingulate explained 96% of the variance when the participant was too slow to 
respond. 
Reward Receipt 
 The purpose of this analysis was to examine the response of the reward system 
after receipt of rewarding feedback. Figure 6 demonstrates the electrophysiological 
responses when the participant received feedback telling them what they actually 
received. The topographic maps in Figure 6a illustrates the activity across the scalp 
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associated with rewarding or punishing outcomes. As before, the information in figure 
8a is displayed at two time points that reflect the peak latency of our components of 
interest. Source modeling is displayed in figure 7b.  
Figures 6 and 7 
 The component in response to actual reward and loss appeared to be a 
conventional FRN, which peaked at 250ms fronto-centrally. A 4 (Probability) x 3 
(Magnitude-small, large or noreward/nopenalty) x2 (valence) ANOVA revealed a 
significant main effect of valence (a win or a loss) on the amplitude of the FRN 
associated with rewarding feedback (F22 = 8.1, p ≤ .005) along with a significant main 
effect of magnitude (F22 = 10.2, p ≤ .001). There was no main effect of probability on the 
amplitude of the waveform. There were no interactions observed between magnitude 
and valence (F22 = .42, p > .2), between valence and probability F22 = .34, p > .4), 
between magnitude and probability (F22 = .31, p > .5), or between all three factors (F22 = 
.58, p > .73). Pairwise comparisons to follow up the significant main effect of magnitude 
revealed significant differences between the small win and loss outcomes (t22 = 3.1, p ≤ 
.01), the large win and loss outcomes (t22 = 4.4, p ≤ .01), between the neutral outcome 
and large win outcome (t22 = 2.1, p ≤ .02), the neutral outcome and the large loss 
outcome (t22 =4.1, p ≤ .01), between the neutral outcome and the small win outcome (t22 
= 2.1, p ≤ .02), and between the neutral outcome and the small loss outcome (t22 = 3.0, p 
≤ .01). Source analyses using symmetric dipoles were performed separately for losses 
and for wins, were collapsed across magnitude and across probability, and were fit to 
the peak of the FRN (200-250 ms). Source analysis of both the reward and loss 
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outcomes suggested generators in the midbrain. This solution explained 74% of the 
variance for a reward and 91% of the variance for a loss.  
 A second 4 x 3 x 2 ANOVA with the same factors was performed on the later 
positive potential that peaked centro-parietally at 500 ms and was sustained for 200 ms. 
The analysis revealed a finding similar to what was found for the FRN. There was a 
significant main effect of valence on the amplitude of this waveform (F22 = 5.9, p ≤ .03) 
along with a significant main effect of magnitude (F22 = 4.3, p ≤ .02). Once again, there 
was no main effect of probability (F22 = 1.4, p ≤ .23), nor were there any observed 
interactions between magnitude and valence (F22 = .45, p > .6), between valence and 
probability (F 22 = 1.1, p > .21), between magnitude and probability (F 22 = .9, p > .19), or 
between all three factors (F 22 = .73, p > .62). Pairwise comparisons of the magnitude 
factor to follow up the significant finding revealed significant differences between the 
neutral outcome and the large win outcome (t 22 = 3.2, p≤ .02), and the neutral outcome 
and the small loss outcome (t 22 = 2.7, p ≤  .02), but no significant difference was found 
between the small and large win outcome (t 22 = .72 p > .3), or the small and large loss 
outcome (t 22 = .8, p > .3). As before, source analyses using symmetric dipoles were 
performed separately for losses and for wins. For each, the source analysis was 
performed on the difference wave between magnitude conditions, and was fit to the 
sustained portion of the component where magnitude differences were maximal (600-
650 ms). Generators in the cingulate were identified for rewards, which explained 90% 
of the variance, and generators in the posterior cingulate were identified for losses 
which explained 82% of the variance. 
Post Hoc Analyses 
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Figure 8 
 Exploratory cluster plot analyses revealed another significant finding. An early 
positivity, arising approximately 170 ms fronto-centrally, can be observed in figure 8. 
This positivity was also sensitive to reward valence (F22 = 8.9, p ≤ .01) and magnitude 
(F22 = 4.3, p ≤ .05) but not to probability (F22 = 1.7, p > .2). There were no observed 
interactions between magnitude and valence (F22 = .68, p > .5), between valence and 
probability (F22 = 1.01, p > .2), between magnitude and probability (F22 = .61, p > .5), or 
between all three factors(F22 = .7, p > .6). Follow up statistics on the significant 
magnitude finding revealed significant differences between the small and large win 
outcome (t 22 = 5.2, p ≤  .02), the small and large loss outcome (t 22 = 6.7, p ≤  .01), the 
neutral outcome and the large win outcome (t 22 = 5.9, p ≤  .02), the neutral outcome 
and the large loss outcome (t 22 = 5.4, p ≤  .03), the neutral outcome and the small win 
outcome (t 22 = 5.0, p ≤  .03), and the neutral outcome and the small loss outcome (t 22 = 
4.3, p ≤  .03). This was identical to the pattern for the early FRN. Source analysis on this 
component using symmetric dipoles, collapsed across probabilities and magnitude, 
revealed a midbrain source for loss feedback with 93% of the variance explained and a 
thalamic source for reward feedback with 97% variance explained. 
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DISCUSSION 
 We set out to investigate the interaction of reward processing and task 
monitoring in healthy individuals. To do this we designed a task that would begin to pull 
apart reward processing and task monitoring, allowing us to examine how these 
processes interact with more precision. While there was a behavioural element to this 
task, participant's accuracy was titrated to 70% which eliminated any potential 
behavioural differences in response to the different cued probability conditions. 
Analyses were focused on the electrophysiological data gleaned from instances of 
response to the cue and the first and second stages of feedback, which we turn to now.  
Reward Anticipation and Task Preparation 
 It has been observed in the literature that information about reward-predictive 
cues is processed quickly by the nervous system (Holroyd et al., 2011). Previous work 
examining the effects of cued reward and cued task difficulty found evidence that 
processing of the two concepts is temporally dissociable (Schevernels et al., 2013). While 
our task did not explicitly modulate difficulty, we anticipated a dissociation between 
cued reward response and task preparation based upon the cued probability as 
participants prepared more vigorously to win reward when it was more likely. Indeed, 
two temporally dissociable components were identified. The first peaked at 250 ms 
fronto-centrally in response to the cue, and was sensitive to reward probability. 
Generators of this early activity were localized to the region of the cingulate cortex, 
which has been shown repeatedly to be associated with action monitoring (Bush et al., 
2002, Shidara and Richmond, 2002, Hadland et al., 2003), and this finding 
corroborates previous source localization of the cue related negativity (Yu, 2011).   
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 Turning to later task preparation, of special interest in this study was the 
observation of more negative deflections in the CNV when the cue predicted a higher 
likelihood of receiving reward. Findings regarding the sensitivity of preparatory 
mechanisms to reward have been inconsistent so far in the literature, with evidence 
suggesting that they are relatively insensitive to reward magnitude (Goldstein et al., 
2006) whereas other evidence has suggested these mechanisms may be sensitive to both 
salient and nonsalient promises of reward (Capa et al., 2013). The data presented here 
provide clear supportive evidence that the preparatory processes marked by the CNV are 
indeed sensitive to reward probability. Attempts to localize the generators of this activity 
revealed sources in the cingulate cortex, although this solution explained only 70% of 
the variance. The CNV most likely has many sources, which will have contributed to the 
relatively less robust localization. The finding that reward probability affected 
preparatory responses in the task used here implies that reward prediction affects task 
preparation and perhaps response speed when actually receiving that reward is 
contingent on task outcome. However, there were no differences in response speed 
between conditions, probably owing to the design of the task which titrated behavior 
throughout at 70% accuracy by modulating the window of reaction time within which 
participants could successfully respond. This probably led participants to respond as 
fast as possible regardless of probability condition in order to avoid losses, even in the 
probability conditions in which losing points after a miss was unlikely. Regardless of the 
lack of behavioral differences between probability conditions, it is logical that increased 
likelihood of reward would increase motivation to perform the task correctly, and that 
this would be reflected in more vigorous preparatory processes as reflected by amplitude 
differences in the CNV.  
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Task Monitoring and Reward Interactions 
 The evoked response to the tone indicating task success or failure was the first 
instance in which neural markers of task monitoring mechanisms were expected. 
Because of the divide between feedback informing of task outcome and feedback 
informing of actual reward, a unique pattern of activity was expected. The tone indeed 
elicited a component between 200 and 250 ms that was sensitive to task outcome, but 
this component much more closely resembled the P2, not the FRN. The FRN is well-
characterized as a negative-going component whereas the component observed in this 
case was noticeably positive for both the hit and the miss outcomes.  
 The mechanisms which the P2 component reflects are somewhat unclear in the 
literature. Some work has suggested that the P2 is involved in enhancing perception of a 
stimulus (Tremblay and Kraus, 2002), while other work has suggested a role of the P2 in 
classification of stimuli (Crowley and Colrain, 2004). It has also been implicated in cue 
evaluation in children and adults (Jonkman, 2006) and in work in children with ADHD 
(Banaschewski et al., 2003). The amplitude differences observed in the P2 here may 
reflect a classification of the tone as indicative of a hit or a miss in order for the 
participant to re-evaluate their chances of reward. Indeed, the P2 has been implicated in 
monitoring of performance in a study examining the effects of task difficulty during a 
Go/NoGo task (Benikos et al., 2013).  
 The P2 was not influenced by reward probability, regardless of whether it was 
elicited by a success or a failure. This was in contrast to findings by Yu (Yu et al, 2011), 
and also contrasted with other research that explicitly investigated response to feedback 
and found an effect of probability during positive feedback (Cohen, 2007, San Martin et 
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al., 2010, Kreussel et al., 2012). Further, localization of the P2 elicited during the task 
implicated structures of the striatum, notably the putamen in the case of task success 
and the caudate in the case of failure. This is also in contrast with the ACC generators 
found in Yu et al, but coincides with other findings of striatal activity during a gambling 
task (Foti et al., 2011). The root of the differences noted here, and the identification of 
the P2 as our component of interest rather than the FRN, may lie in the division of 
information about task success from information about actual reward, as other studies 
presented reward and task outcome simultaneously whereas task success and reward 
outcome were presented separately in the study described here. The finding that the 
immediate response to task success or failure was independent of reward probability 
also suggests that this early process functions independently of reward, perhaps instead 
serving as a marker of the salience of an unexpected response. This is especially relevant 
to this task, where performance was titrated to 70% and miss outcomes were more 
uncommon than successful hit outcomes. This interpretation of feedback reflecting the 
salience of a response has also been put forth in some FRN research, as a result of a 
study where an FRN was elicited by physical pain rather than monetary reward (Talmi 
et al., 2013) and by a study of a time estimation task where infrequent positive and 
negative feedback resulted in similar FRN amplitudes compared to an intermediate 
feedback condition (Ferdinand et al., 2012). Like the task presented here, the task in the 
Ferdinand paper also titrated performance based upon reaction time, and the reported 
FRN in the Ferdinand paper also showed a robust positive-going trend, very much like 
the P2 observed in the work presented here. In other words, their feedback related 
"negativity" was in fact a positivity. 
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 However, if the salience of a less common outcome was the only variable being 
processed by the monitoring system, we would not then expect task outcome to have an 
effect on subsequent reward prediction. While immediate task success evaluation did 
not seem to take reward into account, later processing should if the system re-evaluates 
the probability of receiving reward or punishment while taking into account the new 
information gleaned about task success or failure. While many investigators have found 
evidence that later processing only takes into account details about reward, like 
magnitude and probability, and discards information about valenced task outcome 
(Yeung and Sanfey, 2004, Sato et al., 2005), there is some evidence that later processing 
of reward feedback does take the task outcome into account (Hajcak et al., 2005, Wu 
and Zhou, 2009). The paradigm presented here is uniquely suited to examine this in 
more detail. An interaction of the reward processing and task monitoring systems, that 
accurately took into account information about task success in order to reevaluate 
predictions about upcoming reward or loss, was expected. This is precisely what was 
found, indicated by the P300. The pattern of P300 amplitudes observed differed 
depending on task outcome, where smaller amplitudes were observed in response to a 
higher likelihood of reward and for a higher likelihood of avoiding a loss, and larger 
amplitudes were observed in response to lower likelihood of reward or to a higher 
likelihood of a loss. This resulted in an interaction of probability and valence that 
demonstrated the ability of the system to continuously and accurately update reward 
and loss prediction by taking into account information about task feedback.  
 Further, source localization of this activity revealed differing sources. The insula 
were implicated as the source of activity associated with expectation of possible reward, 
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while the ACC appeared to give rise to activity associated with expectation of potential 
losses. The insula activity may reflect conscious awareness of upcoming reward (Elliott 
et al., 2000), while the ACC activity may reflect, not only loss prediction, but also 
processes related to correcting behavior for the next trial to try to ensure that the next 
response will be executed within the allotted timeframe (Holroyd and Coles, 2002). 
Reward Receipt 
 In the condition after which participants received information about actual 
rewards and losses, a classical FRN was observed that peaked at approximately 250 ms 
with a distribution over centro-parietal areas. The FRN noted in this condition was 
sensitive to reward valence and to reward magnitude, but not at all to reward 
probability. This was a somewhat surprising finding in that we had anticipated that 
conditions that were unlikely to result in reward (the low and very low conditions) 
would be more surprising and salient when they did in fact lead to reward, but this was 
not what was found. It appears that by the second stage of feedback, the system only 
processed whether the outcome was a reward or a loss, and how large that reward or 
loss was. This accords well with the interpretation in the work of Pedroni and 
colleagues, where early processes appeared to only take basic information about reward 
into account (Pedroni et al., 2011). The lack of any effect of probability on the ultimate 
feedback response seems even more unusual considering previous data showing the 
effect of probability on the FRN (Holroyd et al., 2004, Hajcak et al., 2007, Holroyd et 
al., 2008). It is likely that the design of the task used here explains these findings, and 
that cued probability, used in monitoring, ceased to be relevant to reward processing 
mechanisms once reward was received. Other work by Holroyd and colleagues (Holroyd 
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et al., 2009) suggested that reward probability is not reflected in the feedback response 
when there is no new information to be gained. Since participants were informed of the 
cue meanings beforehand, this may explain why they did not use probability 
information in their response to the final instance of feedback. Another potential 
consideration that may explain why probability information ceased to stay relevant to 
reward outcome feedback is the temporal delay between the original cue containing 
probability information and the receipt of feedback. Previous work has demonstrated 
that such a delay will lessen the effect of probability on the feedback response (Osinsky 
et al., 2012, Weinberg et al., 2012), although it seems unlikely that such a delay would 
entirely erase the effect. 
 The neutral outcomes resulting in no change were similar for both cases where 
loss was expected and where reward was expected; there was no interaction of 
magnitude and valence, which implies that even the information about task success or 
failure had been discarded at this point. This, coupled with the lack of any effect of 
probability, suggests to us that upon receipt of reward, the system processed only the 
reward feedback itself. A point of interest is our identification of the midbrain as a 
source of the activity related to both losses and rewards. It is possible that this solution 
points to a role of dopamine releasing neurons in the substantia nigra that may have 
encoded this reward information (Zaghloul et al., 2009).  
 The feedback response was influenced by reward magnitude in both the 
positively and negatively valenced outcomes. This differs from previous work 
demonstrating a reduced effect of reward magnitude on the response to negative 
feedback (Yeung and Sanfey, 2004, Hajcak et al., 2006). Rather, the findings here 
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appear to corroborate data that did demonstrate an effect of magnitude on both negative 
and positive feedback outcomes (Wu and Zhou, 2009, Bellebaum et al., 2010). As the 
task used here dissociated the response to the tone informing of task success or failure 
from the response related to the actual reward receipt, it is possible that the effect of 
magnitude was not overshadowed by the novelty response to a less likely, negatively 
valenced outcome. This may explain the successful observance of the effect of reward 
magnitude on the response to negative feedback.  
 The P300 in response to reward showed a similar pattern to the FRN, where only 
valence and probability affected the amplitude of the waveform. However, there was no 
difference between the small and large outcomes. This activity was more fronto-central 
and generators included the cingulate for rewards and posterior cingulate for losses. 
This activity most likely reflects the later processing of the significance of these reward 
and losses, perhaps in the scheme of how much the participant has gained over time 
(Delgado et al., 2000, Elliott et al., 2000).  
Post Hoc Analyses 
 After the second stage of feedback, where participants received information about 
the exact nature of their reward or loss, statistical cluster plot analyses revealed an early 
positivity that arose even before the FRN, at approximately 170 ms. This very early 
positivity may have been influenced by reward anticipation from the previous stage of 
feedback, although this does not explain the quick processing of reward magnitude 
information, about which the previous condition gave no information. The effect of 
magnitude was marginal, however, and there was no effect at all of probability. Source 
localizations across the peak of the component (150-190 ms) on the difference wave 
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between the large magnitude and no reward outcomes, pointed to sources in the region 
of the thalamus and midbrain for reward and loss respectively. This suggests quick 
processing by the reward system of reward stimuli. This early incidence of reward 
processing has been examined before in a magneto-encephalographic study that noted 
responses to reward in visual regions as early as 150 ms after a rewarding cue on a slot 
machine (Thomas et al., 2013). 
Study Limitations 
 While the goal of this work was to differentiate task monitoring from reward 
processing in order to get a clearer picture of these processes and their interaction, the 
first feedback signal does give some information about reward, as a successful task 
completion will never result in a loss and a task failure will never result in a gain. As 
such, while these steps were pulled apart to some degree, monitoring and reward 
feedback were not 100% dissociated. However, if task success and failure had no effect 
on reward outcome, we feared that participants would stop attending as closely to the 
task feedback signal as it would not be relevant, and thus we might have lost the ability 
to explicitly investigate the interaction of these two processes. Having the first stage of 
feedback provide certainty about reward probability allowed us to investigate how 
relevant task success or failure influenced further processing about reward. 
 A weakness in our design was that the feedback tones (high pitch (1500 Hz) = win 
vs. low pitch (500 Hz) = loss) were not counterbalanced across participants. Thus, it 
could be argued that pitch differences might account for some of the P2 effects that we 
report. We feel confident, however, that the reported effects are not compromised for a 
number of reasons. First, prior research suggests that the feedback processing system is 
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a generic one that is not particularly affected by the physical features of the feedback 
stimuli (Miltner et al., 1997, Holroyd and Coles, 2002). Second, prior work reported no 
effect of pitch on P2 amplitude, although there was an effect of tone duration (Alain et 
al., 1997), a parameter that was not changed here. An increase in P2 amplitude to lower 
pitches has been reported in one study (Sugg and Polich, 1995), but the observed effects 
were considerably smaller in magnitude than those reported here. As such, we think it 
unlikely that the P2 effects seen here could be attributed to pitch differences.  
 
Conclusions  
 Despite these limitations, it is apparent from the current results that a more 
careful delineation of task feedback and reward feedback can reveal both details of 
reward processing, such as reward prediction and reward feedback, and details of task 
monitoring when activities toward reward are taken into account and the ramifications 
of task success or failure are used to update reward predictions. These processes are at 
least partially dissociable, as evidenced by previous work (Baker and Holroyd, 2011), but 
clearly interact depending on context to continuously update and keep track of evolving 
reward contingencies as information about upcoming reward is revealed. Dissociating 
these two systems will lead to more careful and indepth examinations of reward and 
monitoring mechanisms, and tasks that provide for this dissociation may ultimately 
have significant utility in clinical populations, such as in those with a substance abuse 
disorder. 
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Figure Legends:  
Figure 2: a) Figure 2a demonstrates the timing of the presentation of our stimuli as 
each trial goes on. A cue is presented, followed by a blank screen. During the short 
duration that the small x is presented, the participant must make a button press. After 
the response, a tone is played letting them know if they responded in time. After the 
tone, the actual outcome is displayed. b) Figure 2b demonstrates what a succession of 
trials looks like for each condition. The disc cue informs participants of the probability 
of being rewarded or penalized depending upon performance. Upon a successful 
response that falls into the time window within which the small x is presented, they 
will hear a high pitched tone informing them and see one of three outcomes: a small 
win, a large win, or a neutral outcome. Upon a response that does not fall into the time 
window within which the small x is presented, they will hear a low pitched tone 
informing them and then see one of three outcomes: a small loss, a large loss, or a 
neutral outcome. 
Figure 3: a) 3a displays the electrophysiological responses to the cue for each 
probability condition. ANOVAS for the cue condition revealed significant probability 
effects between 200-250ms and between 600-800 ms. b) 3b displays the activity over 
the scalp for each probability condition at specific time points, illustrating the cue 
related negativity and the CNV. c) Source analysis in 3c displays the generators of the 
activity. For all source analyses, a one dipole model was used if it explained more than 
90% of the variance. A 2 dipole model was used if not. 
Figure 4: a) 4a displays the electrophysiological responses for the condition in which 
the participant heard the tone letting them know they responded in time or not, and 
displays the activity for each probability. ANOVAS for this condition revealed 
significant effects of valence between 200-250ms and a significant valence x 
probability interaction between 300-500 ms. b) 4b displays this same information 
collapsed across probability and plotted on the same axis in order to display the 
difference between a hit and a miss.  
Figure 5: a) 5a displays the electrophysiological activity over the scalp for each 
probability condition and each valence condition at specific time points after the 
instance in which the participant heard the tone letting them know they responded in 
time or not. b) Source analysis in 5b displays the generators of this activity. 
Figure 6: This illustration displays the electrophysiological responses for the 
condition in which the participants received feedback telling them of actual rewards or 
losses. Magnitude information in the loss and win outcomes are plotted separately, 
and the information is collapsed across probability. ANOVAS for this condition 
revealed significant magnitude effects between 200-250ms and between 300-500 ms. 
Figure 7: a) 7a displays the electrophysiological activity over the scalp at specific 
time points for the condition in which the participants received feedback telling them 
of actual rewards or losses. Magnitude information in the loss and win outcomes are 
shown separately, and the information is collapsed across probability. b) Source 
analysis in 7b displays the generators of this activity. 
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Figure 8: a) The statistical cluster plots displayed in figure 8a illustrate tests for 
differences between the reward and loss condition across the entire electrode array 
and all timepoints in the epoch of interest. Color values indicate the result of point-wise 
t-tests evaluating reward vs. loss across a 900-ms epoch (x-axis) and electrode 
positions (y-axis: arranged from frontal to occipital sites in descending order) for the 
entire 168-electrode montage (see ‘Materials and methods’ section for details of 
electrode locations). For clarity, only tests where p < .05 are color-coded and only then 
when a minimum of 11 consecutive data points exceeded this criterion. As can be seen 
by the shaded rectangle, there is a significant difference noted between the reward and 
loss condition at approximately 170 ms. b) 8b displays electrophysiological activity 
over the scalp for both reward and losses within this time frame. c) Source analysis 
displays the approximate generators of this activity. 
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ABSTRACT 
 
The primary goal of the work presented here was to perform an in-depth investigation of 
reward processing in cocaine addiction, with a focus on how reward processing and task 
monitoring interact in this population. A secondary goal was to examine reward 
dysfunction in the context of anhedonia, and how anhedonia was associated with 
anticipatory and consummatory reward processes and with monitoring processes. We 
recorded event related potentials (ERPs) from both chronic cocaine abusers and healthy 
controls while they performed a reward task that allowed for the examination of reward 
prediction, task success and failure, and reward receipt and loss under different 
probabilities and magnitudes of reward while performance was titrated 
psychophysically online. We found that cocaine users showed an increased interest in 
reward predictive cues, but were less sensitive to the actual probabilities. Cocaine users 
also showed blunted responses to information about task success or failure and did not 
use information about task success or failure to update their predictions about reward. 
In addition, they showed blunted responses to reward feedback. In controls and users, 
anhedonia was associated with reward motivation, and in cocaine users anhedonia was 
also associated with diminished monitoring and reward feedback responses. The 
findings imply that reward deficiencies in addiction are associated with an increased 
interest in reward cues but an impaired ability to predict reward based upon task 
monitoring, and less interest in the actual details of the reward. 
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INTRODUCTION 
 
 In non-clinical populations, reward processing and task monitoring systems 
operate in an interactive fashion (Sturmer et al., 2011), allowing individuals to evaluate 
potential reward outcomes and to monitor and flexibly adjust ongoing actions to 
maximize effectiveness in achieving such rewards (Morie et al., 2014). In substance 
abusers, however, the integrity of these systems and the fidelity of interactions between 
them may well be impaired, and may contribute to the risk-taking behaviors and poor 
decision-making that typify the actions of this population. 
 Task monitoring has been shown to be nearly universally impaired in addiction. 
Cocaine users in particular demonstrate problems with registering and responding to 
their own errors (Franken et al., 2007b, Sokhadze et al., 2008) and with controlling 
their own behaviors (Garavan and Hester, 2007, Garavan et al., 2008). These deficits 
are also evident in polysubstance abusers (Stevens et al., 2007). These monitoring 
difficulties may contribute to persistent use of addictive substances despite the 
obviously adverse outcomes associated with continued abuse.  
 Reward processing is typically investigated by examining the response to reward 
cues, which is considered the anticipatory reward response, and by examining the 
response to receipt of reward, which is considered the consummatory reward response. 
The enhanced anticipatory reward response of substance abusers to drug cues is well 
established (see meta-analyses by Chase et al., 2011, Kuhn and Gallinat, 2011). However, 
findings concerning whether cocaine users experience blunted or heightened 
anticipatory and consummatory reward responses to non-drug rewards have been 
mixed. Both imaging and electrophysiological work has demonstrated that users of 
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cocaine show a blunted response toward emotional stimuli (Aguilar de Arcos et al., 
2005, Dunning et al., 2011), and work using a stop task that employed rewarding 
feedback revealed that cocaine users, both currently using and recently abstinent, show 
blunted sensitivity to reward and to cues predicting reward, going so far as to appear 
insensitive to differing reward amounts (Goldstein et al., 2008, Parvaz et al., 2012). 
Conversely, imaging research has demonstrated enhanced activity in the ventral 
striatum of cocaine abusers in response to rewarding outcomes (Jia et al., 2011). In 
addition, electrophysiological research has shown that gambling addicts demonstrated 
increased reward-related responses in a gambling task (Hewig et al., 2010), and 
research focusing on skin conductance response (SCR) has also revealed drastically 
larger responses to reward in a gambling task in cocaine users compared to controls 
(Bechara et al., 2002).  
 Some of the discrepancies in these findings may be explained by reward seeking 
behavior being driven by a desire to alleviate a negative affective state known as 
anhedonia, which is characterized by blunted subjective enjoyment of everyday stimuli. 
In substance abuse, however, anhedonia may be accompanied by increased anticipatory 
reward responses toward sources of intense reward, such as drugs of abuse. Cocaine 
users and thrill-seekers demonstrate higher levels of anhedonia than the general 
population (Erlenmeyer-Kimling, 1993, Janiri et al., 2005, Franken et al., 2006), and 
these anhedonic tendencies may also exist as a vulnerability marker (Dorard et al., 
2008). In addition, work in our laboratory has shown that more anhedonic cocaine 
abusing individuals show increased severity of drug use (Chapter 3 (Morie, In press). 
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This persistent anhedonic state may raise the threshold for subjective enjoyment of 
received reward while also increasing motivation toward possible rewards.  
 Anhedonia may contribute to more than just altered processing of reward. While 
work in our laboratory has demonstrated that anhedonia is not explicitly correlated with 
cognitive control in cocaine abusers (Morie, In press), it is possible that task monitoring 
in the context of reward may be affected. The increased preoccupation with sources of 
intense reward brought about by desire to alleviate anhedonia may come at the expense 
of closely monitoring the outcomes of actions taken to obtain rewards or even go so far 
as to impair the ability to predict, and update predictions of, future rewards. This may 
be a contributor to the loss of control over drug use seen in addiction. 
 The first goal of the body of work presented here was to investigate the integrity 
of cocaine users' reward processing and task monitoring mechanisms, as well as their 
interaction, with a focus on current users of cocaine. We used a cued reward paradigm 
that required speeded responses while high density ERP was recorded, and allowed for 
the possibility to win or lose points that translated to real world value (gift cards). 
Participants received cues that predicted likelihood of reward. After responding, 
participants received immediate feedback that informed them if they had responded 
quickly enough. This first instance of feedback gave no information about reward or loss 
amounts. Afterward, participants received a second instance of feedback informing 
them of the actual magnitude of their losses or gains. This design allowed us to 
investigate anticipatory and consummatory reward response, and the partial 
dissociation of task monitoring and reward feedback allowed for investigation of task 
monitoring and reward feedback processes independently as well as allowing for the 
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investigation of the interaction between these two processes. This paradigm was 
previously used to examine the interaction of reward and task monitoring processes in a 
cohort of healthy controls in Chapter 1 (Morie et al., 2014), where it was revealed that 
healthy controls are able to integrate information about task performance to re-update 
reward predictions within very quick time frames.  
 Toward the goal of understanding these processes in cocaine users, the same set 
of fronto-central ERP components that was examined in (Morie et al., 2014) was 
examined here for the purpose of group comparisons. For the measures of anticipatory 
reward and reward motivation, we examined the Cue Related Negativity (CRN), a 
negativity that arises 230-250 ms in fronto-central areas after a cue predicting reward 
(Yu, 2011), and the subsequent Contingent Negative Variation, a sustained negativity 
that arises at approximately 400 ms which is thought to represent task preparation and 
motivation (Leynes et al., 1998). To examine task monitoring mechanisms, we focused 
on the P2, an early positive potential that arises 200-250 ms after feedback about task 
success or failure and is thought to play a role in cognitive control (Benikos et al., 2013). 
The subsequent P300 was also examined, which is associated with attention to task 
(Polich and Kok, 1995) and here is thought to represent later processing and updated 
reward predictions. Finally, to examine consummatory reward responses, we focused on 
the Feedback Related Negativity (FRN) after participants received information about 
reward or loss magnitude. The FRN is a negativity that arises between 200 and 250 ms 
and has been found to represent reward prediction errors (Baker and Holroyd, 2011). 
The P300 was also examined after receipt of reward, as the P300 has also been 
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implicated in the processing of details about received reward (Sato et al., 2005, Wu and 
Zhou, 2009). 
 The second major goal of this body of work was to explore the effect of anhedonia 
on the anticipatory and consummatory stages of reward processing, and the effect of 
anhedonia on task monitoring, to see if it is truly associated with these processes. To 
this end we collected information about levels of anhedonia using the Chapman Physical 
(PAS) and Social (SAS) Anhedonia scales (Chapman et al., 1976) as well as the Snaith 
Hamilton Pleasure Scale (SHPS) (Franken et al., 2007a). These scales were chosen in 
order to get an estimate of both state (SHPS) and trait (PAS,SAS) levels of anhedonia, 
which may influence reward responsiveness and task monitoring separately. 
 The hypothesis for this work was that drug abusers would demonstrate increased 
anticipatory reward in response to reward cues, along with blunted consummatory 
reward in response to receipt of salient rewards and losses, and ERP indices of these 
responses would correlate with trait anhedonia. It was also predicted that task 
monitoring would be generally impaired in cocaine users when compared to controls, 
and that a correlation between ERP indices of task monitoring and anhedonia would be 
present in drug users as they put forth more resources toward processing reward at the 
expense of monitoring. Finally, it was predicted that cocaine users would fail to update 
reward prediction based upon task feedback the way controls do. 
 Gaining information about reward processing, task monitoring and anhedonia in 
cocaine addiction and how these factors interact in this population will heighten the 
understanding of complex addictive disorders and pave the way for the development of 
future treatments. 
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METHODS  
 
Participants 
 
 Twenty-four (7 female) participants with no drug use history were recruited using 
advertisements on Craigslist and through word of mouth. Twenty-three (7 female) 
current cocaine abusers were recruited using Craigslist (N = 14) and from the Next 
STEPs programs at Waters Place and Port Morris (N = 9), which are outpatient 
treatment programs located in Wellness Centers in the Bronx and affiliated with the 
Albert Einstein College of Medicine. The Next STEPs programs are dedicated treatment 
centers in the Bronx that focus on helping patients achieve abstinence from cocaine and 
provide outpatient treatment and counseling options. All potential participants were 
given the Structured Clinical Interview for the DSM-IV and were given screening 
questionnaires related to their overall physical and mental health. Exclusion criteria for 
cocaine users and controls were as follows: 1) Any DSM IV, Axis 1 diagnosis (excluding 
cocaine dependence in cocaine users);2) Head trauma resulting in loss of consciousness 
for longer than 30 minutes; 3) Presence of any past or current brain pathology; 4) A 
diagnosis of HIV; 5) Age above 55 years and below 18 years. Because of the high rates of 
comorbidity of alcohol and drug abuse among the cocaine using population, cocaine 
users were not excluded if they reported periodic use of other drugs or alcohol. 
However, cocaine users were excluded if cocaine was not their primary drug of choice. 
Years of drug use were recorded during the screening questionnaires and the Addiction 
Severity Index (ASI) interviews. Controls were also excluded if they had any major Axis 
1 disorder or alcohol/drug dependence diagnosis, including nicotine dependence, or if 
any family members had an alcohol/drug dependence diagnosis. Participants were paid 
76 
 
for their participation in the form of one $12 gift card to a local department store per 
hour of experiment time. All participants also received approximately the same amount 
of extra money, which was dependent on their performance in our reward task and was 
awarded in extra gift cards. All participants signed an informed consent document 
administered by HIPAA-certified staff. A urine screen was performed on all participants 
to test for the presence of metabolites related to cocaine, THC, or opiates. All procedures 
were approved by the Institutional Review Board of the Albert Einstein College of 
Medicine and the City College of the City University of New York. The study conformed 
to the principles outlined in the Declaration of Helsinki. 
 One healthy control participant performed a pilot version of the task and their 
data were not usable. EEG recordings and analyses were thus completed on 23 cocaine 
abusers and on 23 healthy controls with no drug use history or family history of drug 
use. The control cohort was identical to the population examined in (Morie et al., 2014), 
and the cocaine using cohort is identical to the population examined in Chapter 3 
(Morie, In press). Briefly, demographic information for the users and controls are as 
follows: The average age of the control participants was 39 (SD = 8.5), and 44 (SD = 6.6) 
for the cocaine users. Average duration of education for controls was high school (12.4 
years; SD = 1.2), and this was also the case for the cocaine users (12.5 years; SD = 2.3). 
Three substance abusers were left-handed, and two controls were left-handed. The 
groups did not significantly differ in age, gender or years of education. Cocaine abusing 
participants were asked to abstain from cocaine for 24 hours before entering the 
laboratory, and all cocaine abusing participants reported cocaine as their drug of choice 
and all self-reported as current users and reported having used within the past week. 
The average duration since last use of cocaine was 3.9 days, with a range between 1 day 
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and 1 week. The average intensity for consumption of cocaine was 3x per week. 
Abstinence from alcohol was determined using a breathalyzer, Alcohawk Slim. No 
participants were under the influence of alcohol upon entering the laboratory. All but 
three cocaine users tested positive for metabolites of cocaine. Three cocaine-using 
participants also tested positive for THC and one cocaine-using participant also tested 
positive for opiates. Eight of the cocaine using participants had never entered treatment 
for their substance use and expressed no interest in treatment. Twenty-one of the 
cocaine using participants reported nicotine use, and eight of these cocaine-using 
participants reported being heavy smokers who smoked multiple cigarettes a day. 
 
Clinical Measurements and Procedures 
Participants were seated in a comfortable, private room at the Albert Einstein College of 
Medicine, where they were informed about the study and signed consent forms. After 
this, a trained researcher administered the urine screen to cocaine abusing participants. 
Two questionnaires were also administered in order to get a complete picture of cocaine 
using participants' addiction history and severity level. The first questionnaire was the 
Addiction Severity Index (ASI), which is a structured interview that address seven major 
aspects of the interviewees life. These are their medical history, legal history, psychiatric 
history, their family history and social life, and their alcohol and drug use (McLellan 
A.T, 1985). The second was the Cocaine Selective Severity Index (CSSA), which is a 
questionnaire that addresses withdrawal symptoms from cocaine in the previous 24 
hours, including irritability and anhedonia (Kampman et al., 1998). 
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All participants were then instructed to fill out three questionnaires that related to 
anhedonia. The first, the Snaith Hamilton Pleasure Scale (SHPS), was meant to address 
the current experience of anhedonia in each participant, serving as a measure of “state” 
anhedonia (Franken et al., 2007a). The other two, the Chapman Physical and Social 
Anhedonia Scales, addressed lifetime prevalence of anhedonia, or “trait” anhedonia, and 
also addressed physical and social aspects of this characteristic separately (Chapman et 
al., 1976). 
Task and Electrophysiological Recording Procedures 
The task and procedure used here is identical to that found in Chapter 1 (Morie et al., 
2014). For the electrophysiological portion of the study, participants were seated in a 
dimly lit, double-walled, sound-attenuated, electrically shielded room (Industrial 
Acoustics, Bronx, NY). They were seated 80 cm from a LCD monitor (Viewsonic 
VP2655WP, 55 x 65 cm). Each block consisted of 100 trials. Participants completed one 
mandatory practice block before the main experiment began. If needed, additional 
practice blocks were allowed. Twenty experimental blocks were run, each lasting 
approximately 5 minutes, for a total of 2000 trials. Participants took 30 second breaks 
between blocks and were permitted to take longer breaks when needed to reduce fatigue 
and concentration lapses. There was a succession of visual and auditory stimuli 
presented in a fixed sequence on each trial during this experiment. Participants were 
required to maintain central fixation through the experiment. Visual stimuli were 
generated and edited in Microsoft Paint and auditory stimuli were generated and edited 
using Matlab version 2007b (The MathWorks Inc., Natick, Massachusetts). Visual 
stimuli were presented on a Dell PC using Presentation version 14 (Neurobehavioral 
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Systems, Albany, CA). Visual cue and feedback stimuli were presented centrally and 
subtended 1.7O horizontally by 1.5O vertically. Auditory stimuli were presented from a set 
of BOSE companion series II speakers, placed 80 cm from the participant at either 
corner of the computer monitor (65 cm apart). 
 The first screen of any trial displayed one out of a possible set of four stimuli 
(purple, red, blue or yellow discs) in the center of the screen. These discs served as a 
reward probability cue. The color correspondence of the discs to the different 
probability conditions was counterbalanced across participants.  
 After the disc was displayed for 300 ms, a blank screen, devoid of any fixation 
cross, was presented for 500 ms. An “x” was displayed following this. Participants were 
instructed to respond as fast as they could by clicking the response button on a 
computer mouse with their right hand upon seeing the x. The time frame in which the 
target “x” was displayed was varied as a function of a participant’s ongoing performance, 
titrated in real time using the so-called “up-down transformed-rule” (UDTR) method 
(Wetherill GB. and Levitt, 1965). The UDTR is akin to other simple staircase methods, 
and it involves adjusting the difficulty of the task to ensure a specific fixed level of 
performance across all participants in a given study. In the current experiment, 
appearance of the small target “x” marked the onset of a response time window within 
which the participant was required to make as fast a response as possible before the 
response window closed. We used a simple “one-up-two-down” UDTR rule here. That is, 
if the participant successfully responded within the time-window twice in a row, then 
the window was narrowed by 20ms to make the next iteration of the task more difficult 
(this is what is referred to as “two-down”). On the other hand, if the participant missed 
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the window on the next iteration (or following just one instance of a successful 
response), then the window was readjusted outward by a similar increment of 20ms to 
make the task simpler (i.e. “one-up”). This simple rule essentially pins performance to a 
specific point on the psychometric curve, in this case leading to 70.7% success. Other 
combinations (e.g. 3-up-2-down) can be used to fix performance levels at different 
points on the psychometric.  
 After participants responded, a tone was presented that let the participant know 
whether they had successfully responded within the time frame that the x was displayed. 
This tone was the first instance of feedback. A 100 ms high pitch (1500 Hz) tone 
informed of success, while a 100 ms low pitch (500 Hz) tone indicated failure. Another 
500 ms blank screen followed the tone. After this blank screen, the third visual stimulus 
displayed a feedback symbol. This was the second stage of feedback that informed of 
actual reward. There were five potential feedback outcomes. Rewards, which could only 
occur following a response that was completed successfully within the allotted time 
frame during which the target x was presented, were indicated by a picture of a bag of 
money or a picture of two bags of money, denoting a small and large reward 
respectively. Losses, which could only occur following a failure to respond successfully 
within the allotted time frame, were indicated by a picture of a red X or a picture of two 
red X's, denoting a small and large loss respectively. The larger magnitude wins or losses 
occurred 50% of the time when a win or a loss would have occurred, and thus large and 
small  rewards and losses were equiprobable. The other potential outcome was a black 
bag, which signified that nothing had been gained or lost. This outcome could occur 
regardless of performance. Feedback stimulus meanings were not counterbalanced, as 
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previous research has demonstrated the feedback processing system to be insensitive to 
the physical features of the stimuli (Miltner et al., 1997, Holroyd and Coles, 2002). The 
probability of receiving neutral feedback as opposed to an actual reward or loss 
depended on the color of the disc at the beginning of each trial, in accordance with the 
probabilities described above.  
 The experimental probabilities were designed such that there was an equal 
chance of receiving a loss or a win vs. a neutral outcome if hit and miss rates were equal 
over a period of 1000 trials. Because the hit rate was titrated to 70% and the chance of 
each probability condition occurring was equal, overall chances of receiving rewarding 
feedback were 35%, while overall chances of receiving punishing feedback were 15%, 
with a 50% chance of receiving a neutral outcome.  
 Actual participant instructions were as follows. Participants were instructed that 
they must respond as quickly as they could by pressing the left mouse button when the 
target x appeared on the computer screen. They were informed before the experiment 
began that their chance of being rewarded (or penalized if they did not respond in time) 
depended on the color of the disc at the beginning of every trial. To minimize confusion 
and to ensure each participant received the same instruction, participants were told the 
color meanings in terms of "very high," "high," "low," and "very low" chances to win. 
They were also informed about the meanings of each feedback symbol in terms of 
points. They were told that a small reward was worth 1 point, a large reward was worth 2 
points, and that the neutral outcome was worth no points. Similarly, a small loss would 
take away 1 point, and a large loss would take away 2 points. The design resulted in 
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points being accumulated as the experiment went on at a rate of approximately 20-50 
points per 100 trials.  
 Participants were informed of their cumulative point value in between each block 
during the short breaks. To increase motivation to perform the task and assign more 
salience to the feedback, participants were told that every time they achieved 200 
points, it would result in reward of an extra $12 gift card to local department stores in 
addition to what the participants received hourly. Since our goal was to run 2000 trials 
over 20 blocks, total points accumulated were in the range of 600-700, resulting in an 
overall gain of 3 gift cards per participant. In total, after hourly participation and the 
“winnings” from the experiment were combined, participants earned approximately 
$100. 
Electrophysiological Data Collection and Analysis 
Event-related potentials (ERPs) were acquired from a 168-channel montage at a 
digitization rate of 512Hz with a pass-band of 0.05-100Hz using the BioSemi Amplifier 
System. BioSemi uses two electrodes—the Common Mode Sense (CMS), which is 
actively recorded, and the Driven Right Leg (DRL), a passive electrode—that together 
form a feedback loop that represent the reference. The acquisition of the data occurs 
referenced to the CMS-DRL ground which drives the average potential of the participant 
(i.e. the common mode voltage) as close as possible to the AC reference voltage of the 
Analog-to-Digital box (for a description of the BioSemi active electrode system 
referencing and grounding conventions, visit 
http://www.biosemi.com/faq/cms&drl.htm). Data were later referenced off-line to the 
average reference. Epochs of 900ms, including a 100ms pre-stimulus baseline, were 
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analyzed for both feedback conditions (i.e. the tone indicating task success or failure and 
the pictorial representation of the task reward/loss), and epochs of 1100 ms, including a 
100 ms pre-stimulus baseline, were analyzed for the cue condition (i.e. the colored disc 
stimuli). Trials with eye movements and blinks were rejected offline based on vertical 
and horizontal EOG recordings. An automatic artifact rejection criterion of +/- 70µV 
was used at all other scalp sites. All analyses were conducted on individual subject 
averages that were not digitally filtered but group data were subsequently low-pass 
filtered at 45Hz with a 48 db/octave slope, purely for purposes of illustration. 
Experimental Conditions, ERP Component Designation and Statistical Analyses 
Behavioral Data 
The ASI was scored using the Composite Scores Manual, which provides more rigorous, 
objective measures of severity (For the manual, see link http://triweb.tresearch.org/wp-
content/uploads/2012/09/CompositeManual.pdf). Student t-tests were employed to 
test for between group differences on the measures of anhedonia.  
Reaction times and accuracy on the reward task were assessed for each group. 
Correlation coefficients were computed separately for the average ERP amplitudes in 
our conditions of interest for the measures of anhedonia. For the purposes of 
correlations, conditions were collapsed across probability. 
Electrophysiological 
In order to obtain a comprehensive understanding of reward processing and task 
monitoring in drug abuse, we employed three analyses. The goal of the first analysis was 
to investigate the effect of drug abuse on reward anticipation and task preparation, and 
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thus we focused our analysis on the responses associated with the presentation of the 
colored discs that cued different reward probabilities. The purpose of the second 
analysis was to investigate task performance feedback and its interaction with reward 
prediction, and how this interaction changed in drug abusers. Thus we focused the 
analysis on the responses associated with the presentation of the feedback tone. The 
purpose of the final analysis was to examine the effect of drug abuse on the response of 
the reward system to receipt of rewarding feedback, and thus we focused this analysis on 
the responses associated with the feedback stimuli that informed participants of their 
actual gains or losses. We chose components of interest based upon information from 
our previous research that has examined reward and task monitoring mechanisms 
(Morie et al., 2014). 
Cue related effects(Reward Anticipation and Task Effort Evaluation) 
Our first analysis focused upon the neural response of drug users and controls to the 
presentation of the colored discs that cued the four different probabilities of potential 
reward. There are two components of interest that reflect the reward prediction and task 
evaluation mechanisms that may be affected by drug abuse.  
The first was a negativity that arose over fronto-central scalp locations between 200 and 
250 ms, which is the “Cue Related Negativity” (CRN) (Yu, 2011). A 2 x 4 between 
groups, repeated measures analysis of variance (RM-ANOVA) between 200 and 250 ms 
was employed to test for the factors of group and reward probability on this component. 
A second, sustained negative potential arose at approximately 500 ms over left fronto-
central scalp locations, which was called the contingent negative variation (CNV) 
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(Walter et al., 1964). As with the CRN, a 2 x 4 RM-ANOVA between 600 and 800 was 
employed to test the factors of group and reward probability on this component. 
Task feedback related effects (Task Monitoring) 
Our second analysis focused upon the neural response of drug users and controls to the 
presentation of the feedback tone that informed them whether or not they had 
successfully responded within the allotted time limit. Visual inspection of the response 
showed two components of interest. The first was the P2, a positive-trending component 
over fronto-central scalp locations that arises between 200 and 250 ms. A 2 X 2 X 4 
ANOVA between 200 and 250 ms with factors of group, valence (a success or a failure) 
and reward probability was employed to test for differences in the amplitude of this 
component. 
The second component of interest was the P300, a well-characterized centro-parietal 
positivity arising between 300 and 500 ms, (Wu and Zhou, 2009). As with the P2, A 2 X 
2 X 4 ANOVA between 300 and 500 ms with factors of group, valence and reward 
probability was employed to test for differences in the amplitude of this component. 
Reward feedback related effects (Reward Receipt) 
Our third analysis focused upon the neural response of drug users and controls to the 
presentation of the feedback stimuli that informed them of the actual magnitude of their 
gains or losses. Visual inspection of the response showed two components of interest.  
The first component of interest was a typical FRN, arising between 200-250 ms. A 2 X 2 
X 4 X 3  ANOVA between 200 and 250 ms with factors of group, valence, probability 
and reward magnitude was employed to test for differences in this component. 
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A later positive potential followed the FRN at approximately 300 ms, and was again 
referred to as the P300. A 2 X 2 X 4 X 3 ANOVA between 300 and 500 ms with factors 
of group, valence, probability and magnitude was employed to test for differences in this 
component. 
Table 3 displays the conditions in this experiment, the components of interest 
associated with each one, and the analyses employed for each component.  
Condition 
Component of 
Interest 
Analysis method  
(factors) 
  Early  Late Early  Late 
Cue 
presentation 
Cue 
Related 
Negativity 
Contingent 
Negative 
Variation 
2 X 4 
Repeated 
Measures 
ANOVA  
(Group x 
Probability) 
2 X 4 
Repeated 
Measures 
ANOVA  
(Group x 
Probability) 
Task 
feedback 
P2 P300 2 X 2 x 4 
Repeated 
Measures 
ANOVA  
(Group x 
Valence x 
Probability) 
2 X 2 x 4 
Repeated 
Measures 
ANOVA  
(Group x 
Valence x 
Probability) 
Reward 
feedback 
Feedback 
Related 
Negativity 
P300 2 X 2 x 4 x 3  
Repeated 
Measures 
ANOVA  
(Group x 
Valence x 
Probability x 
Magnitude) 
2 X 2 x 4 x 3  
Repeated 
Measures 
ANOVA  
(Group x 
Valence x 
Probability x 
Magnitude) 
      
 
 
 
 
 
87 
 
RESULTS  
 
Questionnaire Data 
 
 As reported previously in (Morie, In press), cocaine users scored significantly 
higher than controls on both physical (t = 5.4 p<.03) and social (t = 10.2 p<.002 ) trait 
measures of anhedonia. The groups also differed significantly on the measure of state 
anhedonia (t = 2.6 p<.01), where once again cocaine users demonstrated higher levels of 
anhedonia. For the mean scores of both groups on the anhedonia scales, the CSSA, the 
ASI, and the details of the correlation between addiction severity and anhedonia, the 
reader is referred to (Morie, In press). 
 
 
Behavioral Data 
 
 Because performance on this task was titrated online to 70%, there was no 
possibility for differences in accuracy between probability conditions or for differences 
in accuracy between groups. Indeed, controls and cocaine users displayed no differences 
in accuracy across probability conditions nor were there any significant between group 
differences (F1,44 = 2.2, p > .5). Group means: Controls: Very High condition: 71.04, 
St.Dev: 7.2; High condition: 70.9, St.Dev: 7.2; Low condition: 70.25, St.Dev: 8.3; Very 
Low condition: 71.54, St.Dev: 5.1; Cocaine users: Very High condition: 69.47, St.Dev: 
8.3; High condition: 70.5, St.Dev: 10.2; Low condition: 69.04, St.Dev: 8.3; Very Low 
condition: 70.02, St.Dev: 8.6 
It is possible that motivational changes based upon the different cued reward 
probabilities might have resulted in differences in reaction time, or may have affected 
88 
 
cocaine users such that they would show reaction time differences when compared to 
controls. However, neither group demonstrated differences in reaction time on any of 
the probability conditions, nor were there any group differences (F1,44 = 2.3, p > .4). 
Group means: Controls: Very High condition: 350.9, St.Dev: 78.8; High condition: 
351.9, St.Dev: 85.1; Low condition: 348.3, St.Dev: 84.4; Very Low condition: 350.1, 
St.Dev: 84.9; Cocaine users: Very High condition: 390.3, St.Dev: 72.8; High condition: 
351.9, St.Dev: 81.1; Low condition: 348.3, St.Dev: 79.4; Very Low condition: 350.1, 
St.Dev: 71.7.  
Electrophysiological Comparisons 
Reward Anticipation and Task Preparation 
The goal of this analysis was to investigate reward anticipation and task 
preparation in healthy controls and in cocaine users. Figure 9 displays the 
electrophysiological responses after the presentation of the cue for each probability 
condition for both cocaine users and controls. The electrode sites for this and for all 
analyses were chosen to match the wealth of previous literature that investigated cue 
and reward-related components by investigating ERP activity fronto-centrally.   
 A repeated measures ANOVA with factors of group and probability was 
performed on the amplitude of what appeared to be a response associated with reward 
prediction at 230 ms, which peaked at center scalp. This waveform was determined to 
be the cue-related negativity. The RM-ANOVA revealed a main effect of group (F = 5.5, 
p <.01), along with an interaction of probability and group (F = 5.9 p < .01). Cocaine 
users displayed more negative waveforms than controls. Pairwise comparisons to follow 
up this significant finding revealed significant differences in controls between the Very 
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High and Very Low conditions (t22 = 2.29 p ≤  .04) and between the Very High and Low 
conditions (t22 = 2.1 p≤ .05). On the other hand, the probability effect in cocaine users 
was driven entirely by the difference between the Very High and Very Low probability 
conditions (t22 = 3.2, p ≤ .02).  
 Another repeated measures ANOVA was performed on the subsequent later 
response, which reflects more preparatory behaviour and to which we refer to as the 
Contingent Negative Variation (CNV). Once again there was a main effect of group (F = 
6, p <.01) with an interaction of probability and group (F = 3.1  p < .03). Cocaine users 
displayed a more negative CNV that controls. Pairwise comparisons in both groups to 
follow up this finding revealed significant differences in only the controls between the 
Very High and Very Low conditions (t22 = 2.31, p ≤  .04) and between the High and Very 
Low conditions (t22 = 2.25, p≤ .04). Cocaine users, however, showed no effect of 
probability (p >.4).  
Task Monitoring 
The purpose of this analysis was to investigate responses related to task 
monitoring and to the re-evaluation of reward prediction based upon feedback about 
task success, in both cocaine users and controls. Figure 10 displays the 
electrophysiological responses for the condition in which the participant heard the tone 
letting them know whether they had performed the task successfully or not, and displays 
the activity in the success or failure condition for each probability separately. Two 
separate between groups analyses were performed on the components that arose as a 
result of this feedback.  
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A positive trend between 200 and 250 ms, indicative of the feedback P2 that was 
observed previously in (Morie et al., 2014), was found in both controls and in cocaine 
users. A 2 X 2 X 4 RM-ANOVA revealed a main effect of whether the tone indicated a 
win or a loss (valence), (F1, 44 = 8.5 P = .006), a main effect of group ( F = 7.1 p < .01) 
and an interaction of valence and group (F1,44 = 5.2 P= .027) on this component. There 
was no effect of probability. The P2 was larger in controls than in cocaine users, with an 
even larger difference between groups in the loss condition, and the interaction was 
driven by this effect ( p < .05).  
Analysis of the later positive component, the P300, revealed a main effect of 
probability (F3,42 = 2.8, P<.05), a main effect of group (F3,42  = 6.7 p< .01), an interaction 
of group and probability (F3,42 = 3.8, P<.02) and an interaction of valence and 
probability (F3,42 = 3.7, P<.02). There was no three way interaction. Follow up analyses 
revealed that for controls, upon hearing the tone that informed of a successful response, 
significant differences were present in the High vs Low conditions (t22 = -2.1, p ≤ .05) 
and in the High vs Very Low conditions (t22 = -2.3, p ≤ .04), where the High conditions 
resulted in smaller amplitudes relative to the Low and Very Low conditions. In the loss 
condition, however, significant differences were present in the Very High vs Very Low 
conditions (t22 = 3.4, p ≤ .01.) as well as the High vs Very Low conditions (t22 = 2.3, p ≤ 
.04), where the High and Very High conditions resulted in larger amplitudes relative to 
the Very Low condition. Cocaine users, on the other hand, appeared to be insensitive to 
probability and displayed significantly smaller P300 amplitudes.  
Reward Receipt 
 Figure 11 
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The purpose of this analysis was to examine responses of the reward system in 
both cocaine users and controls after receipt of feedback that actually informed of 
reward. Figure 11 demonstrates the electrophysiological responses for the condition in 
which the participant received feedback telling them the actual reward outcome.  
A typical FRN was identified in both cocaine users and controls, peaking between 
200 and 250 ms. The effects observed from the between groups RM ANOVA were a 
main effect of valence (F1,44 = 6.5, P < .02) a main effect of magnitude (F = 7.3 P = .002 
) a main effect of group (F =6.6, p = .01), an interaction of valence and group (F = 11.3 p 
= .002) and an interaction of magnitude and group (F=4.3, P = .04). There was no effect 
of probability or any interactions with it. The main group difference appeared to be 
driven by smaller amplitudes in the addicted group in the case of a reward (p < .04) 
while the interaction came about due to a lack of a group difference in the case of a large 
or small loss (p > .5). Controls displayed differences between high magnitude wins and 
losses and the no-change outcome (p <.02), between low magnitude wins and losses and 
high magnitude wins and losses (p <.02), and between low magnitude wins and losses 
and the no-change outcome. Cocaine users, however, appeared less sensitive than 
controls to magnitude of reward. The difference in responses to low magnitude wins and 
losses were marginally different in cocaine users (p <.05) as were the responses to the 
large win vs the no change outcome (p < .05).  
A second between groups RM ANOVA with the same factors was performed on 
the later positive potential that arose at centro-parietal locations. There was a main 
effect of magnitude (F = 6.4 p < .01), and while there was no main effect of group or 
valence, there was a group by valence interaction (F = 4.2 p < .04). As before, there was 
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no effect of probability or any interactions with it (all p values > .3). Cocaine users 
generally showed a smaller P300 than controls (p  < .03). In controls, pairwise 
comparisons of the magnitude factor to follow up the significant finding revealed 
significant differences between the nochange outcome and the large win/loss outcomes 
(p ≤ .02), but showed no difference between the small and large win/loss outcomes (p = 
.32). Cocaine users, however, appeared to be insensitive to any effects of magnitude (p > 
.1).  
Correlations in ERPs: Relationships to Anhedonia 
 As it is possible that preoccupation with reward, driven by anhedonia, would bias 
cocaine users toward salient rewards at the expense of resources put toward task 
monitoring, an important aspect of this research was to investigate the relationship 
between anhedonia and the response to salient reward as well as anhedonia's 
relationship to indices of task monitoring and reward anticipation. 
 In controls, only physical anhedonia correlated with the amplitude of the 
electrophysiological responses to the cue, correlating negatively with both the CRN (r = -
.449, p < .04) and the CNV( r= 0 .-444, p<.04). The correlation was negative, as the 
CRN and CNV are both negative amplitude components-thus, the more robust the 
components, the more anhedonic controls were. Social anhedonia did not correlate with 
any ERP measures. 
 In cocaine users, however, total trait anhedonia correlated with not only the early 
electrophysiological response to the cue, the CRN ( r= 0 .-53, p<.01) but also to the 
amplitude of the P2 ( r= 0 .-47, p<.03) that arose in response to the tone that let 
participants know they succeeded. Turning to reward feedback, total trait anhedonia 
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correlated with the FRN ( r= 0 .42, p<.04) in response to reward when the participant 
won. In the case of the P2 and FRN, increased anhedonia was associated with less 
robust amplitude. However, the ASI score did not correlate with any ERP measures, nor 
did social anhedonia alone correlate with any ERP measures.  
 For both groups, there were no correlations found between any ERP measures 
and scores on the state measure of anhedonia, the SHPS, or between scores on the 
measure of withdrawal, the Cocaine Selective Severity Index (CSSA). There were no 
correlations between the CSSA and any measure of trait anhedonia. 
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DISCUSSION 
 There were two goals for this work. The first was to examine the integrity of the 
reward processing and task monitoring systems, and their interaction, in cocaine 
abusers. The second was to attempt to determine if anhedonia is associated with a 
deficit in any of these factors in this population. The hypothesis was that increased 
anhedonia would lead to a desire to alleviate this negative state, resulting in increased 
reward anticipation and motivation toward reward along with decreased consummatory 
reward responses, and that preoccupation with reward would bias cocaine users away 
from adequately monitoring their own behaviors or updating reward predictions. 
Reward Anticipation and Task Preparation 
 It is well known that substance abusers demonstrate increased drive toward drug 
cues (Carter, 1999, Kuhn and Gallinat, 2011), and it is an open question whether this 
same increased reward anticipation occurs in response to non-drug related cues. The 
data presented here demonstrated that cocaine users showed more robust Cue-Related 
Negativities (CRN) and more robust amplitude of the Contingent Negative Variation 
(CNV), regardless of cued probability, when presented with stimuli that predicted 
reward. The group difference between users and controls was striking. This is evidence 
that cocaine abusers do indeed show increased motivation toward reward, even when 
that reward is not drug-related. The points they received went toward a gift card to a 
local department store, and thus their reward in the experiment was several steps 
removed from anything that could be used to purchase drugs. Thus it is unlikely that the 
goal to purchase drugs was the reason for the increased motivation that was observed. 
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 However, despite their increased motivation toward reward, cocaine users failed 
to take into account the information about cued probability and reward likelihood at 
this stage. While controls were sensitive to probability differences between very high 
and very low and very high and low reward contingencies, which is in line with what has 
been observed in healthy populations before (Yu, 2011), the CRN in cocaine users were 
only sensitive to differences between very high and very low probability conditions. 
Further, there was no probability effect at all on the CNV in cocaine users, despite the 
effect of probability on the CNV being demonstrated in the controls in our study and 
having been shown before in healthy populations (Goldstein et al., 2006). Despite their 
increased motivation to perform the task in order to achieve reward, and an 
understanding of the different contingencies, cocaine users appeared to be less sensitive 
to the meaning of the cues as they worked toward reward. This may indicate, as 
hypothesized, a preoccupation with reward at the expense of effort put toward making 
accurate reward predictions. 
 Anhedonia may help explain this preoccupation. Trait physical anhedonia was 
correlated with ERP activity related to reward motivation, specifically with the CRN in 
both groups and with the CNV in controls. To our knowledge, this is only the third 
instance of work to explicitly link anhedonia to reward motivation in healthy controls, 
and the first to find such a relationship in cocaine users. Trait physical anhedonia was 
associated with volume of the caudate and with pre-frontal activity during processing of 
reward information (Harvey et al., 2007). In addition, previous work has identified an 
effect of increased physical anhedonia in healthy controls on approach behaviors and in 
their ability to sustain reward predictions (Padrao et al., 2012) when healthy individuals 
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were grouped into high and low anhedonia groups. Padrao's work especially suggests a 
reason that anhedonia was correlated with the amplitude of the CNV in controls, as the 
CNV reflects evaluation of task preparation that is modulated by reward prediction. This 
also may explain why no such effect was seen in cocaine users, as they did not actually 
modulate CNV amplitude by probability, perhaps because they did not make explicit 
reward predictions in the first place.  
Task Monitoring and Reward Interactions 
 The early response to task feedback was represented by the P2, a positive-going 
trend that arises 200-250 ms after participants received information about whether or 
not they successfully responded in time. Controls showed a stronger positive trend for 
both successful and unsuccessful responses, with a larger difference between users and 
controls in the case of unsuccessful responses. This finding is indicative of the difficulty 
with task monitoring that cocaine users commonly demonstrate (Goldstein et al., 2009), 
and is also consistent with the literature on impairment in monitoring and executive 
function in cocaine users (Li et al., 2006, Sokhadze et al., 2008). The difficulty cocaine 
users encountered may once again be related to anhedonia, as the amplitude of the P2 
was negatively correlated with physical anhedonia. Is it possible that this relationship 
came about due to preoccupation with reward at the expense of monitoring. It is also 
possible that the dopamine deficiency that may give rise to anhedonia in drug abuse 
(Heinz et al., 1994) may impair monitoring capabilities outright (Jocham and 
Ullsperger, 2009).  
 Similarly, controls also showed more robust P300 amplitudes for both successful 
and unsuccessful responses. There was no correlation with anhedonia for the P300 for 
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either group. The main finding of interest for this component was the lack of any effect 
of probability on the amplitude of the P300 for cocaine users. It is apparent that cocaine 
users failed to update predictions based upon task feedback the way controls did. 
Considering that probability information was not taken into account during the 
preparatory process either, it is possible that this reflects a complete lack of reward 
prediction at all in cocaine users, or a failure to re-evaluate predictions based upon new 
information. This is reflective of the body of work on reversal learning in cocaine 
addiction. Rats (Schoenbaum et al., 2004), monkeys (Jentsch et al., 2002), and humans 
(Bechara et al., 2001, Fillmore and Rush, 2006) who were administered or used 
substances have all demonstrated an impaired ability to alter their responding based 
upon changes in the feedback they received. Further, animal models of stimulant use 
have demonstrated a failure in these animals to modify behavior in the face of reward 
devaluation when administered amphetamines (Nelson and Killcross, 2006). This work, 
coupled with the findings presented here, suggests that cocaine use is associated with an 
impaired ability to use new information to modify expected reward outcomes, and may 
help explain why cocaine users continue to perseverate in their drug use despite 
increasingly negative consequences.  
Reward Receipt 
 Upon receiving feedback that informed of successful reward, controls showed 
more robust FRNs than cocaine users. Both groups demonstrated sensitivity to reward 
and loss magnitude in the time window of the FRN. The smaller response in cocaine 
users to reward outcomes is somewhat surprising considering the enhanced motivation 
that cocaine users displayed in response to reward cues. However, it becomes clearer 
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when considering the body of work that demonstrates reward dysfunction in addiction 
along with the association that was observed between FRN amplitude and anhedonia. 
The more anhedonia an individual indicated via their score on the Chapman physical 
anhedonia scale, the smaller their FRN in response to reward. This is different from 
what was observed in (Padrao et al., 2012), who observed intact responses to reward 
feedback in more anhedonic participants. The obvious difference between their work 
and the work here, of course, is that our findings took place in cocaine users. This 
implies that anhedonia is indeed associated with a blunted response to salient reward in 
cocaine addiction. However, this finding was not observed in controls, and was not 
observed in the FRN in response to when the cocaine using participants received 
feedback telling them they had lost points. It appears that general anhedonia is 
associated only with response to salient reward feedback in cocaine use, but not to 
salient losses. This lends evidence to the idea that an impaired ability to process rewards 
may lead to a negative, anhedonic state.  
 Controls did demonstrate larger P300 amplitudes than cocaine users across all 
outcomes, and demonstrated a sensitivity to magnitude information that cocaine users 
did not. This reflects the findings of Goldstein et al, who found that cocaine users are 
insensitive to magnitude of reward. Our findings, however, isolated this lack of 
sensitivity to the P300 component, which most likely reflects later processing of reward 
meaning (Sato et al., 2005). Considering the magnitude effects observed in the FRN in 
cocaine users, this group clearly processes reward magnitude information at some level, 
but fails to process it to the same extent controls do. Anhedonia was not associated with 
the P300 in either group. 
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Limitations 
 As data for this work was collected in tandem with data for (Morie et al., 2014) 
and (Morie, In press), the limitations of those studies are also present here. The goal of 
this work was to differentiate task monitoring from reward processing in order to get a 
clearer picture of these processes and their interaction in cocaine users. However, the 
first feedback signal does give some information about reward, as a successful task 
completion will never result in a loss and a task failure will never result in a gain. As 
such, while these steps were pulled apart to some degree, monitoring and reward 
feedback were not 100% dissociated. However, if task success and failure had no effect 
on reward outcome, we feared that participants would stop attending as closely to the 
task feedback signal as it would not be relevant, and thus we might have lost the ability 
to explicitly investigate the interaction of these two processes. Having the first stage of 
feedback provide certainty about reward probability allowed us to investigate how 
relevant task success or failure influenced further processing about reward. 
 A weakness in our design was that the feedback tones (high pitch (1500 Hz) = win 
vs. low pitch (500 Hz) = loss) were not counterbalanced across participants. Thus, it 
could be argued that pitch differences might account for some of the P2 effects that we 
report. We feel confident, however, that the reported effects are not compromised for a 
number of reasons. First, prior research suggests that the feedback processing system is 
a generic one that is not particularly affected by the physical features of the feedback 
stimuli (Miltner et al., 1997, Holroyd and Coles, 2002). Second, prior work reported no 
effect of pitch on P2 amplitude, although there was an effect of tone duration (Alain et 
al., 1997), a parameter that was not changed here. An increase in P2 amplitude to lower 
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pitches has been reported in one study (Sugg and Polich, 1995), but the observed effects 
were considerably smaller in magnitude than those reported here. As such, we think it 
unlikely that the P2 effects seen here could be attributed to pitch differences.  
 Examination of drug abusing populations always raises the risk that the effects 
observed are due to acute effects of the drug or due to sudden abstinence from the drug. 
While participants were asked to refrain from drug use for 24 hours, and a goal of this 
work was to examine the neurocognitive profiles of cocaine users without requiring 
them to alter their normal usage patterns, it is always possible that the effects observed 
could be due to acute effects of cocaine or to effects resulting from abstinence, especially 
in those who did not show cocaine-positive urines. However, it should be noted that the 
24 period of abstinence we asked participants to undergo was not onerous considering 
the typical "binge" use pattern of cocaine (Gawin, 1989, Simon et al., 2002). 
 Another difficulty that arises when investigating drug use is the tendency of drug 
users to abuse more than one substance. It is difficult to generalize the findings here 
only to cocaine, despite this substance being the drug of choice for every participant, as 
most participants also used nicotine. However, a strength of this study is that this 
population more accurately reflects general drug using populations, making our findings 
very relevant to treatment providers who seek to treat individuals who may report drugs 
of choice but actually abuse many different substances.  
 Finally, while effort was made to recruit female participants, only seven of our 
participants were female. This limits the generalizability of our findings. 
Conclusions 
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 The major goals of this project was to examine reward and monitoring processes 
in cocaine users and controls and to determine if there was any association of anhedonia 
with these processes. Our findings imply that that cocaine users show increased 
motivation toward reward when given reward cues, but they appear to fail to make 
accurate reward predictions or update predictions based on task feedback, based upon 
the finding that ERP components associated with task monitoring were not modulated 
by reward probability. Further, cocaine users demonstrate blunted reward responses to 
rewarding feedback, despite their increased motivation. Anhedonia is indeed associated 
with anticipatory reward in cocaine users, along with indices of task monitoring and 
with reward response. This work lends evidence to the idea that cocaine use is 
associated with a dysregulation between wanting a drug and liking the drug, as has been 
suggested in the incentive-sensitization theory of drug use (Robinson and Berridge, 
2001), and implies that anhedonia may be a factor involved with this dysregulation. 
Finally, the work here suggests that cocaine users fail to properly monitor actions taken 
to receive reward or update reward predictions, which may contribute to  the difficulty 
cocaine users encounter when trying to stop using.  
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Figure Legend 
Figure 9: Figure 9 displays the electrophysiological responses for the condition in 
which the participant heard the tone letting them know they responded in time or not, 
and displays the activity for each probability and each group. 
Figure 10: Figure 10 displays the electrophysiological activity over the scalp for each 
group, for each probability condition, and each valence condition at specific time 
points after the instance in which the participant heard the tone letting them know 
they responded in time or not. 
Figure 11: Figure 11 displays the electrophysiological responses for the condition in 
which the participants received feedback telling them of actual rewards or losses for 
each group. Magnitude information in the loss and win outcomes are plotted 
separately, and the information is collapsed across probability. 
Figure 12:a) Figure 12a displays scatter plots that illustrate the significant correlations 
that were found in the control group for anhedonia and the amplitudes of the ERP 
components of interest. Correlations were found between anhedonia and the 
amplitude of the CRN and between anhedonia and the amplitude of the CNV. b) Figure 
12b displays scatter plots that illustrate the significant correlations that were found in 
the cocaine using group for anhedonia and the amplitudes of the ERP components of 
interest. Correlations were found between anhedonia and the CRN, between 
anhedonia and the P2 in the case of task success, and between anhedonia and the FRN 
in the case of a reward. 
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ABSTRACT 
Executive function deficits and reward dysregulation, which mainly manifests as 
anhedonia, are well documented in drug abusers. We investigated specific aspects of 
executive function (inhibitory control and cognitive control), as well as anhedonia, in a 
cohort of current cocaine abusers in order to ascertain to what extent these factors are 
associated with more severe drug dependence. Participants filled out questionnaires 
relating to anhedonia and their addiction history. Participants also performed a 
response inhibition task while high-density event-related potentials (ERPs) were 
recorded. Electrophysiological responses to successful inhibitions (N2/P3 components) 
and to commission errors (ERN/Pe components) were compared between 23 current 
users of cocaine and 27 non-using controls. A regression model was performed to 
determine the association of our measures of reward dysregulation and executive 
function with addiction severity. As expected, cocaine users performed more poorly than 
controls on the inhibitory control task and showed significant electrophysiological 
differences. They were also generally more anhedonic than controls. Higher levels of 
anhedonia were associated with more severe substance use, whereas the level of 
executive dysfunction was not associated with more severe substance use. However, N2 
amplitude was associated with duration of drug use. Further, inhibitory control and 
anhedonia were correlated, but only in controls. These data suggest that while executive 
dysfunction characterizes drug abuse, it is anhedonia, independent of executive 
dysfunction, that is most strongly associated with more severe use.  
 
 
 
 
 
110 
 
 
1. INTRODUCTION  
 Substance dependence is a multi-faceted problem. Substance abusers not only 
grapple with the inability to control and inhibit drug seeking behavior, but also with 
reward dysregulation. Reward dysregulation is usually manifested as anhedonia, the 
inability to experience pleasure from activities usually found enjoyable. In this study, we 
sought to gain a better understanding of the relationship between higher-order cognitive 
control and anhedonia in drug addiction, with a focus on users of cocaine. The study had 
two goals. The first was to assess the ability of cocaine users to successfully inhibit a 
prepotent response tendency and to see to what extent deficits in this ability is 
associated with addiction severity. The second was to examine the role of affective 
dysregulation in drug abuse and how this affective dysregulation may be associated with 
inhibitory capabilities in cocaine users. 
 The ability to withhold inappropriate responses and to monitor one's actions fall 
under the umbrella of executive function. A well established paradigm to probe 
inhibition and monitoring is the Go/No-Go response inhibition task, which requires 
subjects to overcome a prepotent response tendency established by frequent Go stimuli 
to successfully inhibit response execution to No-Go stimuli. Inhibitory capability is 
measured by the number of correct withholds to No-Go stimuli, and performance 
monitoring can be measured by examining reaction time adjustments following 
incorrect executions to No-Go stimuli. Those who abuse drugs, including cocaine, have 
consistently demonstrated difficulties in their abilities to inhibit responses (Fillmore, 
2002a, Kaufman, 2003, Hester and Garavan, 2004, Garavan and Hester, 2007, 
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Verdejo-Garcia and Perez-Garcia, 2007, Garavan et al., 2008). Other work has revealed 
inhibitory difficulties in cocaine addiction that correlate to amount of cocaine used 
(Albein-Urios et al., 2012). We and others have shown that intact inhibitory processes 
(Connolly et al., 2012, Bell et al., 2013, Morie et al., 2013) have been observed in those 
who are in recovery from drug dependence. Comparatively less is known about 
impairments in performance monitoring in cocaine abuse, though both behavioral and 
electrophysiological work has indicated deficits (Li et al., 2006, Franken et al., 2007b, 
Hester et al., 2007). Hester et al. (2007) assessed performance monitoring with post-
error adjustments in response time and also the participants’ awareness of their errors 
as indicated by an additional button press. Cocaine using participants showed 
comparable post error slowing to controls when they were aware of their errors, but 
demonstrated awareness of fewer of their errors. These findings suggested that it is lack 
of awareness of errors that drives performance monitoring difficulties in cocaine 
abusers. Combined, the work in inhibitory control and error monitoring has suggested a 
strong role for executive dysfunction in cocaine addiction, and a need to determine to 
what extent inhibitory control and performance-monitoring deficits contribute to 
addiction severity, or vice versa. Understanding to what degree these specific 
components of executive functioning are associated with more severe cocaine addiction 
will enhance the development of more targeted interventions. 
 It is also important to examine the role of affective dysregulation. It is well 
established that cocaine's subjective effects arise due to its impact on the re-uptake of 
the neurotransmitter dopamine. This neurotransmitter plays a strong role in reward and 
reward motivation (Wise, 2008). Dopamine D2 receptors are down-regulated in 
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response to the high levels of DA that circulate as a result of cocaine use, resulting in 
poorer dopamine transmission when the drug is not being used (Wyatt, 1988, Martinez 
et al., 2004, Martinez et al., 2005, Martinez, 2007, Volkow, 2007, Fehr, 2008). This 
poor transmission contributes to reward dysregulation. In this study, we focused 
specifically on drug user's inability to derive adequate subjective reward from everyday 
stimulation. This reduction in reward response is typically referred to as anhedonia. 
Drug abusers have demonstrated higher levels of anhedonia than controls (Janiri et al., 
2005, Franken et al., 2007a, Leventhal et al., 2010), and anhedonia is a key feature of 
withdrawal from many substances, including cocaine and methamphetamine (Barr et 
al., 2006, D'Souza and Markou, 2010). The Reward Deficiency Syndrome theory of 
addiction proposes that reward deficiency associated with anhedonia may contribute to 
an increased desire for sources of high reward, such as drugs of abuse (Blum et al., 
2000).  
 Both reward dysfunction and executive dysfunction may interact to worsen 
severity of substance abuse. This relationship has been suggested in gambling addicts, 
who showed increased self reported impulsivity that was correlated to sensitivity to 
reward during a gambling task (Alvarez-Moya et al., 2011). Previous work has suggested 
the presence of a relationship between direct measures of anhedonia and executive 
capabilities, notably in schizophrenia (Herbener et al., 2005, Tully et al., 2012). It has 
also been suggested that the presence of anhedonia may worsen executive capabilities as 
resources are put toward managing the affective dysregulation (Cheetham et al., 2010). 
Indeed, affective dysregulation in depressed individuals is known to affect performance 
monitoring capabilities (Holmes and Pizzagalli, 2007, 2008). The current study sought 
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to determine the extent of anhedonia and deficits in inhibitory control and monitoring 
in healthy controls and in current cocaine abusers.  
 To study the behavioral and cortical underpinnings of inhibition and 
performance monitoring, control and cocaine-dependent participants performed a 
Go/No-Go task while high density event related potentials (ERPs) were recorded. The 
ERP components associated with successful inhibition are well characterized 
(Pfefferbaum, 1985, Eimer, 1993, Kiefer et al., 1998, Roche et al., 2005, Katz, 2010). The 
No-Go N2 is a fronto-centrally generated negativity arising between 200-400 ms, and 
the No-Go P3 is the later positive potential arising between 400-600 ms (Smith et al., 
2008). The No-Go N2 is thought to reflect conflict monitoring mechanisms, while the 
No-Go P3 is a more direct reflection of motor inhibition(Katz, 2010, De Sanctis et al., 
2012a, De Sanctis et al., 2012b) (Donkers and van Boxtel, 2004, Nieuwenhuis et al., 
2005, Smith et al., 2008, Enriquez-Geppert et al., 2010, De Sanctis et al., 2014).  
 ERP measures associated with performance monitoring are also well defined. 
When participants fail to withhold a response, a negativity occurs approximately 50-100 
ms after the error is made. This negativity is referred to as the Error-Related Negativity 
(ERN) (Holroyd and Coles, 2002). A subsequent slow wave that follows the ERN at 
approximately 120-400 ms is referred to as the error-related positivity, or the Pe. The 
ERN is thought to reflect a conflict monitoring signal, denoting cortical registration of 
an incorrect response execution (Holroyd and Coles, 2002). The Pe has been shown to 
reflect subsequent error awareness (O'Connell et al., 2007). Additionally, in order to 
explore the effect of anhedonia and determine whether it is associated with more severe 
substance abuse outcomes, we collected self-report information about trait and state 
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anhedonia, as well as information about addiction severity (Chapman et al., 1976, 
McLellan A.T, 1985, Franken et al., 2007a). 
 We hypothesized that current cocaine abusers would demonstrate reduction in 
task accuracy, reduced post error slowing, and attenuation of ERP components related 
to inhibition, performance monitoring and error awareness. Furthermore, impairments 
would be correlated with addiction severity. We also hypothesized that the degree of 
executive impairment would be correlated with trait anhedonia in both cocaine users 
and controls. These findings may inform a more comprehensive model of the phenotype 
of substance dependence that incorporates information about both executive 
dysfunction and affective dysregulation.  
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2. METHODS  
2.1. Participants 
For this study, twenty-seven (7 female) control participants with no drug use history 
were recruited using advertisements on Craigslist and through word of mouth. Twenty-
three (7 female) current cocaine abusers were recruited using Craigslist (N = 14) and 
from the Next STEPs programs at Waters Place and Port Morris (N = 9), which are 
outpatient treatment programs located in Wellness Centers in the Bronx and affiliated 
with the Albert Einstein College of Medicine. The Next STEPs programs are dedicated 
treatment centers that focus on helping patients achieve abstinence from cocaine and 
provide outpatient treatment and counseling options. All potential participants were 
administered the Structured Clinical Interview for the DSM-IV and were also 
administered screening questionnaires related to their overall physical and mental 
health. Exclusion criteria for cocaine abusers and controls were as follows: 1) Any DSM 
IV, Axis 1 diagnosis (excluding dependence or a past diagnosis of depression or 
dysthymic disorder caused by drug use for the cocaine users); 2) Head trauma resulting 
in loss of consciousness for longer than 30 minutes; 3) Presence of any past or current 
brain pathology; 4) A diagnosis of HIV; 5) Age above 55 years and below 18 years. 
Because of the high rates of comorbidity of alcohol and drug abuse among the cocaine 
using population, cocaine abusers were not excluded if they abused other drugs or 
alcohol. However, cocaine abusers were excluded if cocaine was not their primary drug 
of choice. Years of drug use were recorded during the screening questionnaires and the 
addiction severity index (ASI) interviews. Controls were also excluded if they had any 
major Axis 1 disorder or alcohol/drug dependence diagnosis, including nicotine 
dependence, or if any first degree family members had an alcohol/drug dependence 
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diagnosis. A urine screen was performed on all participants to test for the presence of 
metabolites related to cocaine, THC, or opiates. Participants were paid for their 
participation in the form of one $12 gift card to local department stores per hour of 
experiment time. All participants signed an informed consent document administered 
by HIPAA-certified staff. All procedures were approved by the Institutional Review 
Board of the Albert Einstein College of Medicine and the City College of the City 
University of New York. The study conformed to the principles outlined in the 
Declaration of Helsinki. 
Demographic information for the users and controls are as follows: The average 
age of the control participants was 41 (SD = 8.5), and 44 for the cocaine users (SD = 
6.6). Average duration of education for controls was high school (12.2 years; SD = 1.4), 
and this was also the case for the cocaine users (12.5 years; SD = 2.3). 3 substance 
abusers were left-handed, and 4 controls were left-handed. The groups did not 
significantly differ in age, gender or years of education. 
Cocaine abusing participants were asked to abstain from cocaine for 24 hours 
before entering the laboratory. All cocaine abusing participants reported cocaine as their 
drug of choice and all self-reported as current users and reported having used within the 
past week. The average duration since last use of cocaine was 3.9 days, with a range 
between 1 day and 1 week. The average intensity for consumption of cocaine was 3x per 
week. This is consistent with typical "binge" patterns of cocaine use (Simon et al., 2002), 
and allowed us to investigate individuals without requiring them to change their typical 
usage pattern. Abstinence from alcohol was determined using a breathalyzer, Alcohawk 
Slim. No participants were under the influence of alcohol upon entering the laboratory. 
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All but three cocaine users tested positive for metabolites of cocaine. Three cocaine-
using participants also tested positive for THC and one cocaine-using participant also 
tested positive for opiates. It should be mentioned that the duration of effect for cocaine 
is approximately 1 hour after administration (Breiter et al., 1997, G.E. Bigelow, 1998), so 
it is very unlikely that participants entered the laboratory directly after ingesting cocaine 
and experiencing its effects. Even if they had, consent, interview procedures and 
electrode cap application took at least 2 hours, so acute cocaine intoxication during 
testing would be virtually impossible. 
 Eight of the cocaine using participants had never entered treatment for their 
substance use and expressed no interest in treatment. Twenty-one of the cocaine using 
participants reported nicotine use, and eight of these cocaine-using participants 
reported being heavy smokers who smoked multiple cigarettes a day. 
2.2. Clinical Measurements  
 Upon arriving at the laboratory, participants were seated in a comfortable, 
private room at the Albert Einstein College of Medicine, where they were informed 
about the study and signed consent forms. Afterwards, a trained researcher 
administered the urine screen.  
 All participants were then requested to fill out three questionnaires related to 
anhedonia. The first, the Snaith Hamilton Pleasure Scale (SHPS), addressed the current 
experience of anhedonia in each participant, serving as a measure of “state” anhedonia 
(Franken et al., 2007a). The other scale consisted of two sections, the Chapman Physical 
and Chapman Social Anhedonia Scales, which addressed lifetime prevalence of 
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anhedonia, or “trait” anhedonia, and also addressed physical and social aspects of this 
characteristic separately (Chapman et al., 1976). 
 Cocaine abusing participants were then administered two questionnaires in order 
to obtain a more comprehensive understanding of their addiction history and severity 
level. The first questionnaire was the Addiction Severity Index (ASI), which is a 
structured interview that addressed seven major aspects of the interviewee's life: 
medical history, legal history, psychiatric history, their family history and social life, and 
their alcohol and drug use (McLellan A.T, 1985). The second was the Cocaine Selective 
Severity Index (CSSA), which is a questionnaire that addressed withdrawal symptoms 
from cocaine in the previous 24 hours, including irritability and anhedonia (Kampman 
et al., 1998). 
2.3. Go/No-Go Task  
  After the urine test and the subsequent questionnaires pertaining to anhedonia, 
participants performed a Go/No-Go task while EEG was recorded, and were asked to 
respond quickly and accurately to every stimulus presentation, while withholding 
responses to the second instance of any stimulus repeated twice in a row. The 
probability of Go and No-Go trials was 0.85 and 0.15 respectively. We used neutrally 
valenced pictures from the International Affective Picture System (IAPS; Lang, 1997), a 
set of normative photographs that includes content across a wide range of semantic 
categories (http://csea.phhp.ufl.edu/Media.html#topmedia). In this task, emotionally 
neutral stimuli were presented in a pseudorandom sequence depicting people, 
landscapes, abstract patterns and objects (valence: 5.2, which falls into the neutral range 
in a 1-9 point scale that ranges from pleasant to unpleasant; arousal: 3.5, which falls into 
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the neutral range in a 1-9 point scale that ranges from calm to exciting). For details 
about images from the IAPS, see (Mikels, 2005). Images were presented centrally every 
1000ms for 800ms with an inter-stimulus-interval of 200ms. Images subtended 8.6O 
horizontally by 6.5O vertically. Seven blocks of the response inhibition task were run, 
and participants were allowed to take a break between blocks whenever they liked. Each 
block lasted 3.5 minutes and consisted of 180 trials, for a total of 1260 trials per 
participant, 189 of which were inhibition trials. Participant inclusion required at least 
70% of trials be accepted after artifact rejection. All participants, both control and 
cocaine using, committed more than ten errors of commission over the 7 blocks of trials, 
and no participants were thus excluded for not having enough trials to achieve 
acceptable signal-to-noise ratios. 
 Previously, we had examined abstinent cocaine abusers using this same 
paradigm, and also with a paradigm that employed positive and negatively valenced 
stimuli from the IAPS (Morie et al., 2013) see Chapter 4. For this follow-up study 
investigating current users, we focused only on neutral stimuli.  
2.4. Electrophysiology Procedures  
Participants were seated in a dimly lit, sound-attenuated, electrically shielded room, 80 
cm from a LCD monitor (Viewsonic VP2655WP, 55 x 65 cm). To ensure consistency of 
electrode placement across participants, measures were made between the inion and 
nasion and between the left and right pre-auricular notches, using a flexible tape-
measure, to identify the vertex of the scalp. This was then designated as the Cz electrode 
site and the cap was adjusted accordingly. Central fixation was required throughout 
each block (180 trials). Participants completed one mandatory practice block before the 
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main experiment began. If needed, additional practice blocks were allowed. Participants 
took 30 second breaks between blocks. 
 Event-related potentials (ERPs) were acquired from a 168-channel montage at a 
digitization rate of 512Hz with a pass-band of 0.05-100Hz using the BioSemi Amplifier 
System. BioSemi uses two electrodes—the Common Mode Sense (CMS), which is 
actively recorded, and the Driven Right Leg (DRL), a passive electrode—that together 
form a feedback loop that represent the reference. The acquisition of the data occurs 
referenced to the CMS-DRL ground which drives the average potential of the participant 
(i.e. the common mode voltage) as close as possible to the AC reference voltage of the 
Analog-to-Digital box (for a description of the BioSemi active electrode system 
referencing and grounding conventions, visit 
http://www.biosemi.com/faq/cms&drl.htm). Data were later referenced off-line to the 
nasion for purposes of illustration. Epochs of 800 ms, including a 400ms pre-stimulus 
baseline, were analyzed for commission errors and were locked to the erroneous 
response, and epochs of 900 ms, including a 100 ms pre-stimulus baseline, were 
analyzed for correct withholds and were locked to the onset of the stimulus. Trials with 
eye movements and blinks were rejected offline based on vertical and horizontal EOG 
recordings. An automatic artifact rejection criterion of +/- 70µV was used at all other 
scalp sites. All analyses were conducted on individual subject averages that were not 
digitally filtered but group data were subsequently low-pass filtered at 45Hz with a 48 
db/octave slope, purely for purposes of illustration. 
 To ascertain times and regions of interest, we collapsed the grand mean ERP 
across groups (control and abstinent abusers) separately for each condition (successful 
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withhold and commission error). Visual inspection of the successful withhold condition 
showed maximal N2 amplitude at 250 ms over fronto-central scalp locations (FCz) and 
was thus defined as the average amplitude in the time window between 230 and 270 ms 
at this location, matching the observed peak latency of this waveform. Maximal P3 
amplitude was observed to begin at 350 ms and peak at 450 ms over central-parietal 
scalp sites (CPz) and was sustained until 600 ms. It was thus defined as the average 
amplitude in the time window between 350 and 600 ms at this location, matching the 
observed peak latency. Visual inspection of the commission error conditions showed 
maximal ERN amplitude at 50 ms over fronto-central scalp locations (FCz) and was thus 
defined as the average amplitude in the time window between 30 and 70 ms at this 
location, matching the observed peak latency of this waveform. Maximal Pe amplitude 
was observed to begin at 100 ms and peak at 150 over central-parietal scalp sites (CPz) 
and was sustained until 300 ms. It was thus defined as the average amplitude in the 
time window between 100 and 300 ms at this location, matching the observed peak 
latency. The epochs and scalp projections of these well-characterized ERP components 
were fully consistent with findings from a large body of literature that has examined 
these processes in the past. There is a plethora of ERP research on cognitive control that 
has examined cognitive control and inhibitory processes, which has focused upon 
activity projecting to fronto-central scalp sites (Holroyd and Coles, 2002, Franken et al., 
2007b, Franken et al., 2010), and has focused on similar time windows for the 
individual ERN (30-70 ms), Pe (100-150 ms), N2 (230-270 ms) and P3 (350-600 ms) 
components that we have defined here, including our previous work in inhibitory 
control in abstinent cocaine abusers (Morie et al., 2013), see Chapter 4. 
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2.5. Statistical Analyses  
 The Addiction Severity Index (ASI) was scored using the Composite Scores 
Manual, which provides rigorous, objective measures of severity (for the manual, see 
http://triweb.tresearch.org/wp-content/uploads/2012/09/CompositeManual.pdf). We 
also collected information about previous treatment entry and relapse rates using the 
ASI. For the anhedonia data, t-tests were employed to test for between group 
differences. To probe the relationship between executive function and reward 
dysfunction, correlation coefficients were computed separately for each ERP component 
with measures of anhedonia in both cocaine users and controls. A linear regression 
model was then developed separately for the addiction severity scores and for the 
reported instances of relapse in cocaine users, with predictors of ERP amplitudes (the 
N2, P3, ERN and Pe) and reported measures of state, social and physical anhedonia.  
 T-tests were employed to test for group differences in task accuracy (hit rates for 
Go trials and commission errors for No-Go trials) and reaction time on correct Go trials. 
A repeated measure ANOVA with Response type (Pre versus Post-Error RT) as within-
subject factor and Group (cocaine user versus controls) as between-subject factor was 
used to test for group differences in post-error slowing. For the ERP data, repeated 
measures ANOVAs were employed for each component of interest. For the response-
locked ERN and Pe, a 2X2 ANOVA was run for each with factors of Group (cocaine user 
versus controls) and Response Type (correct Go-response versus incorrect No-Go-
response). For the stimulus-locked N2 and P3, a 2X2 ANOVA was run for each with 
factors of Group (cocaine user versus controls) and Response Type (correct Go-response 
versus correct No-Go response). 
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3. RESULTS  
 
3.1. Clinical Data  
Cocaine users scored significantly higher than controls on both physical (t = 5.4,  p 
<.03) and social (t = 10.2,  p <.002 ) trait measures of anhedonia. The mean physical 
anhedonia score was 14.6 (SD =8.7) for cocaine users and 9.0 (SD = 5.1) for controls. 
For social anhedonia, the mean score for cocaine users was 15.3 (SD = 9.3) and 7.5 (SD 
= 6.0) for controls. Cocaine users also scored higher on the measure of state anhedonia 
(t = 2.6, p <.01). The mean of the state anhedonia score was 2.6 (SD = 4.1) for the 
cocaine users and .13 (SD = .43) for the controls. 
The mean score of the cocaine users on the Cocaine Selective Severity Assessment was 
26.30 (SD = 18.6). The ASI composite scores were as follows: medical = .27 (SD =.33); 
employment = .71 (SD =.26); legal = .09 (SD =.12); alcohol = .14 (SD =.20); drug = .22 
(SD =.09); family history = .24 (SD =.21); and psychiatric = .16 (SD =.19). 
 
------------------------------------- 
Figure 13  
------------------------------------- 
 
3.2. Performance Data  
Figure 13 shows commission error rates, hit rates, reaction times and pre/post-error 
reaction times in both cocaine abusers and controls for the Go/No-Go task. Cocaine 
users made significantly more errors of commission than controls (t = 5.1 p <.03), and 
cocaine users were generally slower than controls, (t=6.3, p ≤ .02). The repeated 
measure ANOVA assessing post-error slowing revealed an interaction between 
Pre/Post-Error RT and group (F1,49 =9.1, p ≤ .01). Follow-up t-tests revealed post-error 
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RT slowing in controls (p >.02), while cocaine users did not demonstrate such slowing 
(p > .3).  
 
 ------------------------------------- 
Figure 14  
------------------------------------- 
 
3.3. Electrophysiological data  
3.3.1. Inhibition  
 
 Figure 14A shows the N2/P3 waveforms associated with successfully withholding 
a response at three midline electrodes over frontal, central and parietal scalp sites for 
controls (black trace) and cocaine users (red trace). Topographic maps of activity across 
the scalp for the N2 and for the P3 can also be seen in Figure 14B. 
 The ANOVA for the N2 revealed a main effect of response type (F49 = 8.1, p <.01) 
and a main effect of group (F49 = 7.1, p <.02), with an interaction of response type and 
group (F49 = 7.0, p <.02). Pairwise comparisons revealed the N2 amplitude to be smaller 
in the addicts than in the controls (t49 = 5.8, p <.01). Effect size for the interaction was 
.12. 
 Similarly, the ANOVA for the P3 revealed a main effect of response type (F49 = 
8.4, p <.01) and a main effect of group (F49 = 4.1, p <.05) , with an interaction of 
response type and group (F49 = 5.0, p <.03) . Pairwise comparisons revealed the P3 
amplitude to be smaller in the addicts than in the controls (t49 = 6.2, p < .01). Effect size 
for the interaction was .095. 
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Correlations were performed between the mean amplitudes of the 
electrophysiological measures of interest in this task and the total anhedonia scores on 
the Chapman Physical and Social anhedonia scales, for both the cocaine abusers and the 
controls. In controls, a significant relationship was found between the mean amplitude 
of the N2 and anhedonia (r = -.513, p < .01) and between the mean amplitude of the P3 
and anhedonia (r = -.429, p < .03). However, in cocaine abusers, no relationships were 
detected between total anhedonia score and amplitude of the N2 or P3 (p-values > .06).  
------------------------------------- 
Figure 15 
------------------------------------- 
 
3.3.2. Performance Monitoring 
 
 Figure 15A shows the response-locked waveforms at three midline electrodes 
over fronto-central and parietal scalp sites for controls (black trace) and cocaine users 
(red trace) for the instances in which participants committed a commission error. 
Topographic maps of the activity across the scalp for the ERN and the Pe can also be 
seen in Figure 15B. 
 The ANOVA for the ERN revealed a main effect of response type (F49 = 10.1, p 
<.01) and a main effect of group (F49 = 4.7, p <.03) , with an interaction of response type 
and group (F49 = 4.7, p <.03). Follow up t-tests revealed the ERN amplitude to be less 
robust in the addicts than in the controls (t49 = 4.2, p <.03). The effect size of the 
interaction was .085. 
 Similarly, the ANOVA for the Pe revealed a main effect of response type (F49 = 
9.8, p <.01) and a main effect of group (F49 = 5.4, p <.02), with an interaction of 
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response type and group (F49 = 4.3, p <.04). Follow up t-tests once again revealed the Pe 
amplitude to be smaller in the addicts than in the controls (t49 = 4.1, p < .04). The effect 
size of the interaction was .089. 
Correlations were performed between the mean amplitudes of the 
electrophysiological measures in this task and the total anhedonia score on the 
Chapman Physical and Social anhedonia scales, for both the cocaine abusers and the 
controls. In controls, no significant relationships were found between the mean 
amplitude of the ERN and anhedonia or between the mean amplitude of the Pe and 
anhedonia (p > .07). Similarly in cocaine abusers, no relationships were found between 
total anhedonia score and amplitude of the ERN or PE. 
In addition, we performed correlations between behavioral indices of inhibition 
and the ERP waveforms. In controls the amplitude of the Pe was correlated with 
reaction time (r = -.391, p < .03) and post error reaction time (r = -.414, p < .03). This 
was not the case in cocaine users. 
------------------------------------- 
Figure 16 
------------------------------------- 
 
3.3.3. Predictors of Addiction Severity  
 To assess predictors of addiction severity and relapse risk, two general linear 
models were developed for addiction severity and for reported instances of relapse with 
predictors of executive function (amplitudes of the N2, P3, ERN and Pe) and our 
measures of anhedonia (the SHPS and the Chapman physical and social trait anhedonia 
scales). The model was significant for addiction severity (F = 2.8, p <.05) but only trait 
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physical anhedonia was a significant predictor (r = .58, p < .001). The model was not 
significant for the number of episodes of relapse (F = 2.1, p > .3). A scatter plot showing 
the significant relationship between anhedonia and addiction severity is illustrated in 
Figure 17. 
------------------------------------- 
Figure 17 here 
------------------------------------- 
 
Correlations were also performed between the trait and state anhedonia and withdrawal 
scores as measured by the CSSA. CSSA scores were correlated with the state measure of 
anhedonia (r = .442, p < .03) but not with trait anhedonia measures. Correlations were 
also performed between our ERP and behavioral indices of interest and lifetime 
reported use of cocaine in years. Lifetime duration of cocaine use was found to be 
correlated with the amplitude of the N2 (r = .489, p < .02). 
3.3.4 Post Hoc Analyses 
A potential issue with our sample of cocaine abusers is that a sizable proportion of them 
were also alcohol users, raising the question of whether combined usage could impact 
the observations we report. As such, we conducted a series of exploratory follow-up 
analyses to assess this possibility. Five participants reported over 10 days of alcohol use 
to intoxication in the past month, and another 5 reported being bothered by their 
alcohol use in the past month2. These 10 participants were identified as being 
problematic alcohol users in comparison to 13 who did not report any problems with 
alcohol use and did not report any specific alcohol problems in the past month. The 
                                                          
2
 Note that comparing composite scores from the ASI across measures, i.e. comparing the composite score for drug use to the 
composite score for alcohol use to ascertain which is the most problematic for the individual, is not considered a valid 
comparison. The sections are scored separately using different scoring systems, as the drug section collects information about 
every possible drug of abuse. 
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cocaine using group was thus split into high (Alcohol +) and low (Alcohol -) use cohorts, 
and ANOVAs were run for the dependent variables of interest between those two 
groups.  
 The mean reaction time for alcohol users was 456.8 (SD =86.2) while the post-
error reaction time was 492.6 (SD =91.2). The mean error rate for alcohol users was 
29.9%, (SD =7.8) and the hit rate was 84.3% (SD =9.3). The mean reaction time for 
cocaine users with no alcohol problems was 448.3 (SD =86.2) while the post-error 
reaction time was 493.0 (SD =107.4). The mean error rate for cocaine users with no 
alcohol problems was 29.2%, (SD =11.7) and the hit rate was 85.7% (SD =12.5). 
No significant between group differences were found for any behavioral measure ( RT: 
F21 = 003, p > .9; mean Commission Error Rate: t21 = 1.6, p > .2; Hit Rate: t21 = .20, p > 
.6). 
 As with the ERP data between users and controls, for the response-locked ERN 
and Pe, a 2X2 ANOVA was run for each with factors of Group (Alcohol + and Alcohol -) 
and Response Type (correct Go-response versus incorrect No-Go-response). For the 
stimulus-locked N2 and P3, a 2X2 ANOVA was run for each with factors of Group 
(Alcohol + and Alcohol -) and Response Type (correct Go-response versus correct No-
Go response). The ANOVA for the ERN revealed an effect of Response Type (F = 7.3, p < 
.04) but no effect of group (F21 = .9, p > .2) or any interaction effect (F21 = .62, p > .1). 
Similarly, an ANOVA for the Pe revealed an effect of Response Type (F21 = 8.1, p < .01) 
but no effect of group (F21 = .48, p > .5) or any interaction effect (F21 = .91, p > .2). 
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An ANOVA for the N2 revealed an effect of Response Type (F21 = 10.3, p < .01) but no 
effect of group (F21 = .3, p > .5) or any interaction effect (F21 = .01, p > .9). Similarly, 
ANOVAs for the P3 revealed an effect of Response Type (F21 = 9.1, p < .01) but no effect 
of group (F21 = .038 p >.8) or any interaction effect (F21 = .01, p > .9).  
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4. DISCUSSION  
 The purpose of this work was to investigate the relationship between executive 
dysfunction, anhedonia, and addiction severity in cocaine abusers. This was 
accomplished by collecting self report data on anhedonia and addiction severity, and by 
measuring the integrity of the cognitive control systems of both healthy and cocaine 
abusing participants using high-density electrophysiological methods.  
4.1. Executive function in drug abuse  
 Executive function deficits are pronounced in all forms of substance abuse and 
addictive behaviors (see review by Luijten et al., 2013). In line with these findings, and 
as predicted, cocaine abusing participants show a decrement in inhibition and 
performance monitoring. They performed more poorly on the Go/No-Go task, 
committed significantly more errors of commission and were generally slower than 
controls when responding. Unlike Hester et al., 2007, there were significant group 
differences in post error response adjustments, where cocaine users did not show the 
same post error slowing that controls did. The higher number of observed commission 
errors and evidence of poorer performance monitoring in cocaine users corresponds 
well to previous findings in cocaine addicted populations, where cocaine users have 
demonstrated poorer cognitive control and impaired inhibition circuitry (Hester and 
Garavan, 2004, Lane et al., 2007, Fernandez-Serrano et al., 2010).  
 Similarly, the ERP analyses revealed that the N2 and P3, as well as the ERN and 
Pe, were substantially reduced in current cocaine abusers. This suggests dysfunction in 
inhibitory control (indexed by the N2 and P3), conflict monitoring (indexed by the 
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ERN), and error awareness (indexed by the Pe). Our findings correspond to previous 
ERP work that investigated cognitive control in cocaine users who had been abstinent 
for at least one month (Franken et al., 2007b), in current cocaine users (Sokhadze et al., 
2008) and smokers (Franken et al., 2010). All of these studies found reduced inhibitory 
control in drug using populations indexed by reduced task performance and altered ERP 
amplitudes. However, our study differs from the Sokhadze study in one respect. In the 
Sokhadze study, an analysis on a subset of their participants who committed a high 
number of commission errors revealed that current cocaine abusers had larger, not 
smaller, ERN amplitudes, suggestive of improved cognitive control capabilities. Our 
data aligns with the Franken study, and the combination in our data of participants 
showing smaller ERN amplitudes while also committing more errors of commission 
suggests that these processes are generally impaired, not improved, in current cocaine 
abusers. It is likely that both functions, inhibition and performance monitoring, are 
impaired in cocaine abuse, and both may contribute to the difficulties that drug abusers 
encounter when attempting to withhold their responses. 
 One finding of note was the relationship between post-error reaction time and 
the amplitude of the Pe, which was observed in controls and not addicts. Previous 
research on the Pe has suggested that it is an indicator of awareness of an error 
(O'Connell et al., 2007, O'Connell et al., 2009, Murphy et al., 2012). The finding that it 
is associated with adjustment of behavior after an error further supports that 
interpretation and the reduced amplitude of the Pe accompanied by the lack of such a 
relationship in cocaine addicts might suggest reduced awareness of errors in cocaine 
addiction.  
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4.2. Anhedonia in drug abuse and its relationship to executive function 
 Current cocaine users were more anhedonic than controls, as indexed by 
increased scores on both the state and trait anhedonia questionnaires. This extended to 
both physical and social trait anhedonia measures. This coincides well with previous 
research, which has revealed increased anhedonia in cocaine abuse (Leventhal et al., 
2008, Leventhal et al., 2010, Hatzigiakoumis et al., 2011). 
 There was a relationship between neural indices of inhibition and anhedonia in 
healthy controls. The N2 was more pronounced in more anhedonic controls, while the 
P3 was smaller. Depressed individuals, for whom elevated anhedonia is characteristic, 
have demonstrated a similar pattern of N2 and P3 alterations (Zhang et al., 2007). 
However, contrary to our predictions and contrary to what has been observed in other 
clinical populations like those with schizophrenia (Herbener et al., 2005), this pattern 
was not observed in drug users. Degree of anhedonia was not associated with any of the 
measures of inhibition or cognitive control in this population, suggesting that the 
executive function deficits measured in this task are entirely separate from the reward 
deficits reported by the participants via the anhedonia scales. However, it is apparent 
from the data here that both executive and reward deficits are present in the addicted 
phenotype. It is also somewhat surprising that the relationship between anhedonia and 
ERP measures of inhibitory control existed in controls and not in cocaine users. It is 
possible that impaired fronto-striatal circuits in cocaine addiction (Ersche et al., 2012) 
can lead to a disruption of this normal relationship between reward systems and top-
down control systems. Future imaging work should investigate this possibility.  
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4.3. Differential relationship of Executive Function and Anhedonia to addiction 
severity  
  Regression analysis revealed that trait physical anhedonia was associated with 
more severe addiction in cocaine abusers, while neural indices of inhibition and 
performance monitoring were not. While it is not possible to ascertain causality from a 
correlation analysis, there are two supplementary findings from our study that suggest a 
role of trait anhedonia in more severe drug addiction. The first is that our measure of 
state anhedonia, the Snaith Hamilton Pleasure Scale which measures anhedonia 
experience in the last 24 hours, was not correlated with addiction severity. This suggests 
that it was not recent intense drug use that was associated with an increased state of 
anhedonia. The other finding was the lack of a relationship between the withdrawal 
scale and trait anhedonia. Previous research has established that withdrawal contributes 
to anhedonia (D'Souza and Markou, 2010) and it was indeed correlated with our state 
measure of anhedonia. However, the lack of relationship between trait anhedonia and 
withdrawal suggests that our use of the Chapman scales captured trait anhedonia 
throughout the lifespan that was independent of any anhedonia caused by the short 24 
hour period of abstinence participants underwent for this study. 
  Of course, it is always possible that lifetime drug use contributed to anhedonia 
rather than anhedonia contributing to lifetime drug use, and it is not possible to fully 
disentangle these two interpretations. The fact that the trait anhedonia measures 
correlated with addiction severity suggests a need for future investigations into the 
interplay of this trait in severe drug use. Other data have suggested the same. Those who 
have low baseline response to reward report greater responses to drugs than others 
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(Leventhal et al., 2008), and smokers with increased anhedonia reported greater 
motivation to smoke (Leventhal et al., 2009). Further, research examining the idea of 
the "Reward deficiency syndrome," which postulates that reward deficiency comes about 
due to low levels of dopamine receptors in the brain (Blum et al., 2000), found 
repeatedly that individuals with fewer dopamine D2 type receptors reported more 
pleasure from acutely administered methylphenidate (Volkow, 1999, Volkow, 2002b). 
Finally, it is well known that anhedonia is associated with craving during treatment 
(Janiri et al., 2005, Martinotti et al., 2008), and is considered a risk factor for relapse 
(Hatzigiakoumis et al., 2011). These studies, along with our findings, suggest that 
anhedonia may be a trait that contributes to more severe dependence. Future work 
should investigate the development of drug use longitudinally with anhedonia as a 
predictor. It is possible that anhedonia contributes to more severe drug dependence via 
a "self-medication" mechanism. This is especially relevant considering the finding that 
physical, but not social, anhedonia was correlated with severity. 
 Of surprise to us was the finding that neither behavioral nor electrophysiological 
measures of inhibition or performance monitoring were associated with addiction 
severity in our regression model, especially considering the finding that duration of drug 
use was indeed correlated with measures of cognitive control. Previous research has 
established a relationship between self-reported amount of drug used and self reported 
impulsivity, as well as between self reported impulsivity and treatment outcome 
(Moeller et al., 2001). Research by Verdejo and colleagues found that drug severity 
scores on the Addiction Severity Index and disinhibition subscale scores as measured by 
the self reported Frontal Systems Behavioral Scale were correlated (Verdejo-Garcia, 
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2006). However, similar to the findings here, they found no correlation between the ASI 
score and actual performance on a Go/No-Go task. In a study investigating cocaine and 
heroin abusers, it was once again found that inhibition and cognitive control, as 
measured via a battery of neuropsychological tests, were not significantly correlated 
with severity (Verdejo-Garcia and Perez-Garcia, 2007). Another study that investigated 
correlations between severe cocaine use and executive function (Albein-Urios et al., 
2012) identified a correlation between performance on a Stroop task and amount of 
cocaine used during peak use. However, users were at least 15 days abstinent in that 
study, so their result does not bear on acute effects. It is possible that while executive 
dysfunction contributes to drug dependency, and cumulative neurotoxic effects of long 
periods of drug use may contribute to worsened cognitive control, worsened executive 
dysfunction, at least as measured by commonly used laboratory tasks, is not necessarily 
associated with increased intensity of drug use.  
 The current findings also suggest that the toxic vaso-constrictive effects of 
cocaine (Volkow et al., 1988b) may not necessarily result in more impaired executive 
function as drug use grows more severe in the short term, but instead may operate over 
much longer periods of time, as evidenced by the correlation between duration of drug 
use and the amplitude of the N2 component. Of course, it is also possible that the 
associations observed here were due to earlier onset of drug use in those with increased 
drug use durations (Vonmoos et al., 2013). Work explicitly investigating indices of 
executive control as a function of age of onset, and how age of onset and subsequent 
duration of drug use each relate to executive functions will be required to shed further 
light on this issue. 
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 Finally, it is surprising to us that no variables in our regression analyses 
predicted relapse rates as reported on the ASI. However, considering that relapse rates 
were determined from self-reports of previous times in treatment, it is possible that the 
lack of specificity weakened any effects. In addition, not all participants were treatment 
seekers and a significant cohort had never entered treatment throughout their lifetime 
(N=8). 
4.4. Limitations.  
 Examination of drug abusing populations always raises the risk that the effects 
observed are due to acute effects of the drug or due to sudden abstinence from the drug 
(i.e. withdrawal effects). While participants were asked to refrain from drug use for 24 
hours, and a goal of this work was to examine the neurocognitive profiles of cocaine 
users without requiring them to alter their normal usage patterns, it is always possible 
that the effects observed could be due to acute effects of cocaine or to effects resulting 
from abstinence, especially in those who did not show cocaine-positive urines. However, 
the 24-hour period of abstinence we asked participants to undergo was not onerous 
considering the "binge" use patterns seen in typical cocaine users (Gawin, 1989, Simon 
et al., 2002). In addition, our data is a snapshot of the neurocognitive profile of users 
who have not, or who have just entered, treatment, which is valuable information for 
treatment providers. 
 Another difficulty that arises when investigating drug use is the tendency of drug 
users to abuse more than one substance. It is difficult to generalize the findings here 
only to cocaine, despite this substance being the drug of choice for every participant, as 
most participants also used nicotine and many reported alcohol problems. However, a 
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strength of this study is that this population more accurately reflects general drug using 
populations, making our findings very relevant to treatment providers who seek to treat 
individuals who may report drugs of choice but actually abuse many different 
substances.  
4.5. Conclusions 
 Despite these limitations, our findings suggest that drug abuse is a result of a 
unique phenotype of affective dysregulation and executive dysfunction. Inhibition and 
cognitive control deficits are present in drug abusers, but these executive factors are not 
related to affective dysregulation in this population. The usual relationship between 
anhedonia and executive function observed in healthy controls was not detected in 
cocaine users, but duration of drug use was associated with alterations in a neural 
marker associated with cognitive control. Our findings also suggest that it is anhedonia, 
not executive dysfunction, that contributes most strongly to more severe recent cocaine 
use. Future work should examine abstinent drug abusers longitudinally and establish 
whether executive function and anhedonia can recover once cocaine abuse has ceased.  
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Figure legends  
Figure 13: Reaction times, accuracy rates and commission error rates for drug 
abusers and non-abusing control participants are displayed for the response inhibition 
task. Drug abusers committed significantly more errors of commission than non-
abusing controls. 
Figure 14: The No-Go N2 and No-Go P3 response waveforms associated with 
successful inhibitions for drug abusers and non-abusing control participants in the 
response inhibition task are displayed in Figure 14a. Topographic maps of activity 
across the scalp are displayed in 14b. 
Figure 15: The ERN and Pe waveforms associated with commission errors for drug 
abusers and non-abusing control participants in the response inhibition task are 
displayed in Figure 15a. Topographic maps of activity across the scalp are displayed in 
15b. 
Figure 16: Scatter plots demonstrating the relationship in non-abusing controls 
between scores as summed from the Chapman Physical and Social Anhedonia scale 
and the amplitudes of the N2 and P3 waveforms, as well as scatter plots 
demonstrating the relationship between amplitude of the Pe waveform and reaction 
time. Higher levels of anhedonia were associated with more robust, negative N2 
waveforms. Higher levels of anhedonia were also associated with lower amplitudes in 
the P3. Lower Pe amplitudes were associated with slower reaction times and more 
post error slowing.  
Figure 17: A graph demonstrating the relationship in drug abusers between scores as 
summed from the Chapman Physical and Social Anhedonia scale and the composite 
scores for drug use from the Addiction Severity Index. More anhedonia was associated 
with higher levels of severity. 
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      Abstract   
 
   Response inhibition deficits are well-documented in drug users, and are related to the 
impulsive tendencies characteristic of the addictive phenotype. Addicts also show 
significant motivational issues that may accentuate these inhibitory deficits. We 
investigated the extent to which these inhibitory deficits are present in abstinence. 
Salience of the task stimuli was also manipulated on the premise that emotionally-
valenced inputs might impact inhibitory efficacy by overcoming the blunted responses 
to everyday environmental inputs characteristic of this population. Participants 
performed response inhibition tasks consisting of both neutral and emotionally 
valenced stimuli while high-density event-related potentials (ERPs) were recorded.  
Electrophysiological responses (N2/P3 components) to successful inhibitions in 
abstinent abusers (N=20) and non-using participants (N=21) were compared. In 
contrast to previous work in current users, our abstinent cohort showed no detectable 
behavioral or electrophysiological differences in their inhibitory responses, and no 
differences on self-reports of impulsivity, despite their long histories of chronic use 
(mean = 10.3 years). The current findings are consistent with a recovery of inhibitory 
control processes as a function of abstinence. Abstinent former users, however, did 
show a reduced modulation, relative to controls, of their ERPs to valenced input while 
performing successful inhibitions. However, contrary to our hypothesis, the use of 
valenced inputs had no impact on inhibitory performance. Reduced ERP modulation to 
emotionally valenced inputs may have implications for relapse in emotional contexts 
outside the treatment center.  
 
 
 
 
 
 
 
 
146 
 
1. INTRODUCTION 
 It is well-established that currently using drug abusers show consistent and 
relatively severe difficulties in response inhibition that are associated with reduced 
integrity of white matter and hypo-activations in some of the major nodes of the brain’s 
response inhibition circuit (Hester and Garavan, 2004, Moeller et al., 2005). These 
response inhibition deficits are often related to the impulsivity and poor decision 
making that is characteristic of this population (Brady, 1998, Wagner, 2001, Fillmore, 
2002b, Coffey et al., 2003, Kaufman, 2003, Garavan and Stout, 2005, Li et al., 2006, 
Verdejo-Garcia, 2006, Franken et al., 2007b, Garavan and Hester, 2007, Lane et al., 
2007, Verdejo-Garcia et al., 2007, Everitt et al., 2008, Garavan et al., 2008, Li et al., 
2008, Perry and Carroll, 2008, Sokhadze et al., 2008). However, the extent to which 
these deficits ameliorate as a function of abstinence duration, or what the temporal 
trajectory of such a functional recovery might be, remains to be understood. A 
potentially significant contributor to these inhibitory deficits may stem from the 
anhedonic tendencies that are also a core feature of the addictive phenotype 
(Erlenmeyer-Kimling, 1993, Janiri et al., 2005, Franken et al., 2007a, Hatzigiakoumis et 
al., 2011). Active drug abusers commonly exhibit reductions in their ability to experience 
adequate reward from everyday events and items, evidenced by their blunted responses 
to emotionally evocative stimulation (Aguilar de Arcos et al., 2005, Fox et al., 2011). 
This emotional blunting is also found in recently abstinent abusers (Fox et al., 2007, 
Dunning et al., 2011), and it seems a reasonable proposition that this anhedonia may 
contribute to, or interact with, inhibitory deficits to accentuate the tendency towards 
drug seeking behaviors. Both of these constructs are believed to be important 
contributing factors to relapse, since anhedonia correlates strongly with craving 
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intensity (Hatzigiakoumis et al., 2011), and inhibitory deficits are believed to lower the 
threshold for drug initiation (Whelan et al., 2012). 
 There were two goals in this study, the first of which was to investigate potential 
recovery of inhibitory control mechanisms in abstinent cocaine and heroin abusers at 
varying durations of abstinence, employing high-density electrical mapping techniques 
and questionnaires relating to impulsivity. This work was conducted as part of a multi-
methodological neurophysiological approach to this issue and the reader is referred to 
the partner paper (Bell, 2013) which reports highly consistent results using functional 
neuroimaging to assess inhibitory control mechanisms in abstinent cocaine abusers. The 
second major goal of the current study concerned manipulation of stimulus salience to 
assess whether the use of emotionally valenced test materials might additionally affect 
inhibitory efficacy in former drug abusers, on the premise that increasing the 
evocativeness of the inputs might at least partially overcome the blunted responses to 
everyday environmental inputs that are characteristic of anhedonic individuals (Katz, 
2010). Indeed, such an effect has been demonstrated in problem gamblers (van Holst et 
al., 2012). Problem gamblers performed an inhibition task with stimuli that consisted of 
neutral valenced images, positively valenced images, or images depicting gambling 
scenes. While their reaction times on the neutral task were slower than controls' and 
their number of false alarms comparable, when performing the task with positively 
valenced images or images depicting gambling scenes, problem gamblers had faster 
reaction times and made fewer false alarms than controls. This implies that the 
difficulties with inhibition previously found in addicted populations may not purely be 
related to executive dysfunction, but may in fact be at least in part related to motivation. 
148 
 
 A useful task to investigate inhibitory capability is the Go/No-Go task. In this 
task, participants are required to push a button in response to a regularly presented 
succession of stimuli (Go). When a stimulus repeats, participants must inhibit the pre-
potent urge to push the button to the second instance (No-Go). When a successful 
inhibition is made on a No-Go trial, two components of the event related potential 
(ERP) show characteristic increases in amplitude relative to the responses elicited by the 
Go trials (Pfefferbaum, 1985, Eimer, 1993, Kiefer et al., 1998, Katz, 2010). These are a 
fronto-centrally generated negativity (the N2) arising between 200-400 ms and a later 
positive potential (the P3), arising between 400-600 ms (Smith et al., 2008). Previous 
work investigating the amplitudes of the N2 and P3 components under different 
distributions of Go and No-Go trials has suggested that the N2 reflects conflict 
monitoring capabilities, while the P3 is a more direct reflection of inhibition (Donkers 
and van Boxtel, 2004, Nieuwenhuis et al., 2005, Smith et al., 2008, Enriquez-Geppert et 
al., 2010). The amplitude of the N2 may also be sensitive to inhibitory capability, as 
evidenced by an N2 amplitude difference between participants who made high numbers 
of false alarms versus those who made few such mistakes (Falkenstein, 1999). Major 
generators of the No-Go N2 have been localized to the anterior cingulate cortex and to 
right lateral orbitofrontal regions, with P3 generators mostly localized to left lateral 
orbitofrontal areas (Bokura et al., 2001). Areas associated with conflict and response 
inhibition include the anterior cingulate cortex and the dorsolateral prefrontal cortex 
(Dias, 2003, Dias et al., 2006). Individuals who scored higher on a scale of 
absentmindedness (the Cognitive Failures Questionnaire) showed higher amplitude N2 
and P3 waveforms, perhaps owing to more effortful inhibition processes (Roche et al., 
2005), and this is evidenced further by the finding that higher inhibitory load in a 
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Go/No-Go task differentially affects amplitude and latency of the N2 and P3 (Thomas et 
al., 2009).  
 Evocative stimuli may also increase inhibitory load. Indeed, behavioral and 
neuroimaging work has demonstrated that withholding responses to pleasurable stimuli 
results in lower accuracy (Hare et al., 2005), and activates prefrontal as well as discrete 
cingulate brain regions when compared to neutral stimuli (Elliott, 2000, Shafritz et al., 
2006, Goldstein et al., 2007). ERP measures of inhibitory control also reveal effects of 
stimulus salience, with emotionally valenced words driving higher amplitude N2 and P3 
components during successful inhibitions (Chiu et al., 2008), valenced images driving 
altered No-Go P3s and reaction times (Albert et al., 2010, Wang et al., 2011), and 
valenced images of high or low intensity determining the degree of N2 and P3 amplitude 
increase (Yuan et al., 2012).  
 Toward the dual goals of investigating the extent of recovery of inhibitory control 
and examining the effect of evocative stimuli, abstinent abusers’ inhibitory capabilities 
were tested using both neutral and emotionally valenced stimuli during a Go/No-Go 
task in conjunction with the administration of questionnaires relating to impulsivity. 
There were two main hypotheses: The first was that abstinent cocaine abusers would 
report less impulsivity, show a degree of recovery of their inhibitory control in the 
neutral condition, and that the extent of this recovery would be dependent on the 
duration of abstinence. The second hypothesis, stemming from the idea that evocative 
stimuli would ameliorate impaired motivation in abstinent drug abusers, was that 
abstinent cocaine abusers would demonstrate an increased susceptibility to the effect of 
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emotional valence. This was expected to lead to greater relative amplification of N2 and 
P3 inhibitory responses in former addicts during valenced conditions relative to neutral. 
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2. METHODS  
2.1 Participants  
 Participants with no drug use history were recruited from the volunteer pool at 
the Nathan S. Kline Institute for Psychiatric Research. Former drug users were recruited 
from the Russel E. Blaisdell Addiction treatment center and the Open Arms halfway 
house in Rockland County, New York. The Russel E. Blaisdell treatment center is an 
inpatient facility, and the Open Arms halfway house randomly performs urine 
toxicology screenings twice a week, which ensured that all participants were 
continuously abstinent and free of acute effects of drugs while performing the study. All 
potential participants were given the Structured Clinical Interview for the DSM-IV. All 
abstinent participants received a primary Axis I diagnosis of Substance Dependence. 
Abstinence was also confirmed by a New York State accredited substance abuse 
counselor that the patient met with on a weekly basis. Exclusion criteria for abstinent 
abusers and controls were as follows: 1) Any DSM IV, Axis 1diagnosis (excluding 
dependence or a past diagnosis of depression caused by drug use for the abstinent 
abusers) based on the Structured Clinical Interview for the DSM IV (SCID); 2) Head 
trauma resulting in loss of consciousness for longer than 30 minutes; 3) Presence of any 
past or current brain pathology; 4) A diagnosis of HIV; 5) Age above 55 years and below 
19 years. Because of the high rates of comorbidity of alcohol and drug abuse among the 
patient population, abstinent abusers were not excluded if they had abused other drugs 
or alcohol prior to the onset of their abstinence. None of the abstinent abusers were 
currently using any amount of alcohol or drugs. Years of drug use were recorded during 
the initial SCID interviews. Controls were excluded if they had any major Axis 1 disorder 
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or alcohol/drug dependence diagnosis based on a SCID for the DSM IV. Participants 
were paid $100 for their participation and any travel expenses were covered. All 
participants signed an informed consent document administered by HIPAA-certified 
staff. All procedures were approved by the Institutional Review Board of the Nathan S. 
Kline Institute for Psychiatric Research and City College of the City University of New 
York. The study conformed to the principles outlined in the Declaration of Helsinki.   
EEG recordings for the neutral Go/No-Go task were completed on 21 abstinent 
abusers and an equal number of healthy controls with no drug use history. The groups 
were matched on age, education, sex, and handedness. One abstinent abuser had to be 
dropped due to data quality issues. Two abstinent participants also completed the fMRI 
version of the task in Bell et al (this volume). 
 A subset of 18 users and 18 controls who participated in the neutral task (task 1) 
also successfully completed the emotional Go/No-Go task (task 2). Two controls had to 
be dropped from this task due to data quality issues, and one abstinent user had to be 
dropped due to excessive artifacts.  
 All abstinent participants reported cocaine or heroin as their primary drug of 
choice. The duration of abstinence for the abstinent abusers was between 1 month and 2 
years with an average of 15 months. This number was gleaned from both the 
participant’s report and from counselors at the addiction treatment centers. The average 
age was 39, with a range between 21 and 55 years. We also assayed severity of the 
participant's drug use, during their most intense period of use, with the Kreek-McHugh-
Schluger-Kellog (KMSK) Scale (Kellogg, 2003). The focus was on cocaine and heroin 
abusers, though participants had used other drugs in the past. Table 1 illustrates the 
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demographics and the drug use histories of the abstinent user pool in both the neutral 
and emotional tasks for all participants who completed recordings.   
2.2 Tasks 
 Participants were asked to complete two separate tasks. 
2.2.1 Task 1: Neutral Go/No-Go  
  Participants performed a Go/No-Go task, responding quickly and accurately to 
every stimulus presentation, while withholding responses to the second instance of any 
stimulus repeated twice in a row. The probability of Go and No-Go trials was 0.85 and 
0.15 respectively. We used pictures from the International Affective Picture System 
(IAPS; Lang, 1997), a set of normative photographs that includes content across a wide 
range of semantic categories (http://csea.phhp.ufl.edu/Media.html#topmedia). In this 
task, emotionally neutral stimuli were presented in a pseudorandom sequence depicting 
people, landscapes, abstract patterns and objects (valence: 5.2; arousal: 3.5). Images 
were presented centrally every 1000ms for 800ms with an inter-stimulus-interval of 
200ms. Images subtended 8.6O horizontally by 6.5O vertically. This is identical to the 
task used in the partner paper by Bell et al (this volume). Five blocks of the neutral 
response inhibition task were run, and participants were allowed to take a break 
whenever they liked. Each block lasted 3.5 minutes and consisted of 180 trials, for a 
total of 900 trials per participant, 135 of which were inhibition trials. 158 neutral 
pictures were shown randomly over 900 trials, implying that no picture was seen more 
than 5 times for the entire run of task 1. Given the timing of the task and the inclusion of 
short breaks, this implies that no picture was shown more than once every six to seven 
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minutes on average. Participant inclusion required at least 80% of trials be accepted 
after artifact rejection. Thus, mean trial numbers in this task ranged from 112 to 131 
inhibitions. Task 1 always preceded Task 2. The order of the tasks was explicitly not 
counterbalanced because of the desire to first assess inhibitory mechanisms in the 
absence of any generalized effect that might result from viewing the emotional pictures 
in phase two of the experiment. 
2.2.2 Task 2: Emotional Go/No-Go  
 Task design was identical to the Neutral Go/No-Go, with the exception that the 
pseudo-randomly presented stimuli consisted of neutral, negative, and positive pictures 
from the IAPS (for an identical approach, see De Sanctis et al, 2012 ), presented in an 
event-related design. 478 pictures were presented, split into three categories. The 158 
neutral pictures, identical to those used in task 1, depicted people, landscapes, abstract 
patterns and objects (valence: 5.2; arousal: 3.5). The 148 negative pictures depicted 
attack scenes, mutilated bodies and disgusting objects (valence: 2.56; arousal: 5.6). The 
172 positive pictures depicted babies/toddlers, family gatherings, and prestige objects 
(valence: 7.4; arousal: 4.8). Images were selected such that neutral, positive and 
negative images did not significantly differ in luminance, contrast and spatial frequency. 
Emotionally neutral, positive, and negative stimuli were presented randomly with a 
probability of 0.45, 0.275, and 0.275 respectively. The inclusion of the neutral trials 
served as a control between the two tasks. There were fourteen experimental blocks for 
this task, bringing the total experimental run time to 49 minutes with a total of 2520 
trials per participant, 170 of which were neutral valenced inhibitions, 105 of which were 
positively valenced inhibitions, and 105 of which were negatively valenced inhibitions. 
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The first seven blocks consisted of 79 of the 158 original neutral pictures from Task 1, 74 
of the 148 novel negative pictures, and 86 of the 172 novel positive pictures. The final 
seven blocks consisted of the other half of the pictures for each respective valenced set. 
In total, 478 pictures were shown over 2520 trials. As in Task 1, given the timing of the 
task and the inclusion of short breaks, this implies that no picture was shown more than 
once every six to seven minutes on average.  
 Participant inclusion required at least 80% of trials be accepted after artifact 
rejection. Thus, mean trial numbers in this task ranged from 148-167 neutral valenced 
inhibitions, 94-101 negatively valenced inhibitions, and 96-101 positively valenced 
inhibitions. Participants were permitted to take breaks to prevent fatigue and 
concentration lapses.  
 
2.3 Questionnaires and Procedure 
 Participants were seated in a comfortable, private room at the Nathan Kline 
Institute. In order to get a complete picture of their current state of impulsivity, during a 
pre-test interview, participants were given the following questionnaires relating to their 
general level of impulsiveness and aggression: Life History of Aggression (Coccaro, 
1997), Buss-Perry Aggression questionnaire (Buss, 1992), and Barratt’s Impulsiveness 
Scale (Patton, 1995).  
 For the electrophysiological portion, participants were seated in a dimly lit, 
sound-attenuated, electrically shielded room, 115 cm from a 50 cm Cathode Ray Tube 
Ilyama Vision Master Pro 512 monitor, with a dot pitch of .24. To ensure consistency of 
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cap placement across participants, measures were made between the inion and nasion 
and between the left and right pre-auricular notches, using a flexible tape-measure, to 
identify the vertex of the scalp. This was then designated as the CZ electrode site and the 
cap was adjusted accordingly. Central fixation was required throughout each block (180 
trials). Participants completed one mandatory practice block before the main 
experiment began. If needed, additional practice blocks were allowed. Participants took 
breaks as needed between blocks to prevent fatigue. 
 
2.4 Electrophysiological Data Collection and Analysis 
 Event-related potentials (ERPs) were acquired from a 72-channel montage at a 
digitization rate of 512Hz with a pass-band of 0.05-100Hz using the BioSemi Amplifier 
System. BioSemi uses two electrodes—the Common Mode Sense (CMS), which is 
actively recorded, and the Driven Right Leg (DRL), a passive electrode—that together 
form a feedback loop that represent the reference. The acquisition of the data occurs 
referenced to the CMS-DRL ground which drives the average potential of the participant 
(i.e. the common mode voltage) as close as possible to the AC reference voltage of the 
Analog-to-Digital box (for a description of the BioSemi active electrode system 
referencing and grounding conventions, visit www.biosemi.com/faq/cms&drl.htm). 
Data were referenced offline to the nasion electrode-site. Epochs of 900ms, including a 
100ms pre-stimulus baseline, were analyzed. Trials with eye movements and blinks 
were rejected offline based on vertical and horizontal EOG records. An automatic 
artifact rejection criterion of +/- 70µV was used at all other scalp sites. All analyses were 
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conducted on individual subject averages that were not digitally filtered but group data 
were subsequently low-pass filtered at 45Hz for purposes of illustration.  
 To ascertain times- and regions-of-interest independently of group effects, we 
collapsed the grand mean ERP across group (control and abstinent abusers) for each 
condition (Go and No-Go). Visual inspection of the No-Go condition showed maximal 
N2 amplitude at 250 ms over fronto-central scalp locations (FCz) and was thus defined 
as the average amplitude in the time window between 230 and 270 ms at electrode FCz, 
matching the observed peak latency of this waveform. Maximal P3 amplitude was 
observed to peak at 430 ms over central-parietal scalp sites (CPz) and sustain until 
570ms. Considering the more sustained nature of this waveform, it was thus defined as 
the average amplitude in the time window between 400 and 600 ms at electrode CPz, 
matching the observed peak latency.  
 A reviewer of an earlier version of this manuscript expressed concern that the P3 
component might be influenced by other late components associated with emotional 
processing, especially the Late Positive Potential (LPP). A PCA analysis for this 
component performed in an earlier study during a passive emotional picture viewing 
task found this component to peak during two time-windows, one at 850 ms and the 
other at 1600 ms, both of which are well beyond the time-window used to measure the 
P300 here (Foti et al., 2009). Nonetheless, PCA analysis was performed here using the 
Brain Electrical Source Analysis (BESA) software on the grand average waveform for 
controls and abstinent abusers separately to test for possible additional contributions to 
processing in this timeframe. A single component explained 98% of the activity during 
the neutral task and 97% of the activity during the emotional tasks in the control 
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participant data. A single component also accounted for 90% and 92% of the activity for 
neutral and valenced activity respectively in data from the abstinent abusers. These 
results clearly imply that activity in this time period was dominated by the P3 
component. 
2.5 Statistical Analyses 
 For the neuropsychological data, t-tests were employed to test for between group 
differences on the measures of aggression and impulsivity. In task 1, t-tests were 
employed to test for between group differences in hit rate (i.e., responses to Go trials), 
error rate and reaction times, and for between group differences on the amplitude of the 
N2 and P3. For behavioral data in task 2, 2 X 3 ANOVAs were employed to test for 
factors of group and valence on hit rates, error rates and reaction times. A 2 X 3 ANOVA 
with factors of group and valence was also employed to test for between and within 
group differences in the amplitude of the N2 and P3. Correlation coefficients were 
computed separately for each ERP component for the measures of duration of drug use 
and duration of abstinence.  
2.5.1 Statistical Cluster Plots  
A secondary exploratory analysis was also performed to fully explore the richness 
of these high-density data. The Statistical Cluster Plot (SCP) approach is a simple 
method for testing the entire data matrix for putative effects and involves the derivation 
of cluster plots by calculating pointwise paired, two-tailed t-tests between the ERP 
responses to a given pair of experimental conditions. The results of the pointwise t-tests 
from 64 electrodes are displayed as an intensity plot to efficiently summarize and 
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facilitate identification of differences within and between groups in the onset and 
general topographic distribution of differential activation associated with the No-Go 
ERP. The abscissa and ordinate axes represent time and electrode location respectively, 
while the color represents the t-value for each data point. This approach offers a 
statistical cluster plot identifying differences between abstinent substance abusers and 
healthy participants in scalp distribution and onset of differential ERP responses across 
the entire epoch. We are aware that conclusions based on statistical cluster plots are 
undermined because of the large number of t-tests calculated across the electrode 
montage and recording epoch. In the present data treatment, periods of significant 
difference were only plotted if an alpha criterion of 0.05 or less was obtained and then 
only if this criterion was obtained for at least 11 consecutive data points. Only effects 
exceeding 11 consecutive significant time points (21.5ms) were retained to reduce type I 
errors. The rationale for this method of multiple comparison correction is that the 
likelihood of multiple false positive results occurring by chance at n consecutive time 
points is ∞, assuming statistical independence between the time points. However, since 
actual EEG signals cannot change arbitrarily fast, one needs to account for the small 
amount of dependence between adjacent time points, which can be easily achieved by 
considering the autocorrelation of the signal. Even for high autocorrelations and long 
sequence lengths, a criterion of 11 consecutive time points has been shown to be quite 
conservative in avoiding type I errors (Guthrie and Buchwald, 1991, Molholm, 2002). 
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3. RESULTS  
3.1 Behavioral Results 
 Because of the small number of abstinent users who reported heroin as their drug 
of choice versus the larger number of abstinent users who reported cocaine as their drug 
of choice, investigations of differences between these two groups are not reported here. 
Cocaine and heroin users were treated as one group for all reported analyses.  
3.1.1 Questionnaires 
 Abstinent abusers demonstrated significantly higher scores on the Life History of 
Aggression questionnaire (t39 = 4.2, p≤ 0.001) and significantly higher scores on the 
Buss-Perry Aggression questionnaire (t39 = 4.3, p≤ 0.001). No significant differences 
were found between the groups on their scores on the Barratt’s impulsiveness 
questionnaire (t39 = .15, p = .56). 
3.1.2  Neutral Go/No-Go Task 1 
 Figure 18 shows reaction times, hit rates and commission error rates in both 
abstinent abusers and controls for the neutral Go/No-Go task. t-tests revealed no 
differences between groups for reaction times (t39=.167, p≤=.70), hit rates (t39=.78, 
p≤=.31), or error rates (t39= .322, p=.62).  
3.1.3 Emotional Go/No-Go Task 2 
 Figure 19 shows reaction times, hit rates and commission error rates in both 
abstinent abusers and controls for the emotional Go/No-Go task. An ANOVA for 
reaction time revealed no significant effects for group (F1,31 = .065, p = .8), valence (F1,31 
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= 1.25, p = .3) or group by valence interaction (F1,31 =1.35 , p=.302). For hit rates, no 
significant effects for group (F1,31  = 1.6, p= .203), valence (F1,31  = 2.3, p= .1), or group by 
valence interaction (F1,31 = .067, p=.9) were found. Similarly, no significant effects for 
group (F1,31 = .17, p= .2) valence (F1,31  = .19, p= .8) or group by valence interaction ( F1,31  
=.3 , p= .6) were found for error rates. 
 
3.2 Electrophysiological Data 
3.2.1 Neutral Go/No-Go Task 1 
  Figure 20 shows the electrophysiological waveforms at three midline, fronto-
central, scalp sites associated with each group. The left column illustrates the waveforms 
for the neutral condition of task 1 and the right columns illustrate the neutral and 
emotional conditions of task 2. The cluster plots reflect between group t-tests for the 
respective conditions. t-tests for task 1 revealed no group differences for either the nogo 
N2 (t39 = .05, p = .8) or the nogo P3 (t39 = .01, p = .9) associated with correctly 
withholding a response. The bottom panel of Figure 20 show the statistical cluster plots, 
confirming no differential activation between groups across the entire scalp array and 
recording epoch.   
Correlations were performed between the electrophysiological measures in this 
task, abstinence duration, and duration of drug use. No relationships were found 
between abstinence duration, duration of drug use and amplitude of the nogo N2 (p-
values > .6) or nogo P3 components (p-values > .6) in this task.  
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3.2.2Emotional Go/No-Go Task 2  
 Figure 21 displays the electrophysiological responses for each condition in task 2 
within each group, and the cluster plots reflect within-group t-tests where neutral and 
emotional conditions were compared against each other. An ANOVA for the nogo N2 
revealed no group, valence or group by valence interaction effects (p-values >.3). An 
ANOVA for the nogo P3 revealed a main effect of valence (F1,31 = 3.72, p ≤ .03), with an 
interaction of valence x group (F1,31 = 3.47, p≤.04). t-tests to follow up the interaction, 
also evidenced in the statistical cluster plots, revealed that controls showed modulation 
of the later stages of the nogo P3 by positive stimuli (t1,31  = 3.9, p ≤. 02) and showed 
modulation of the nogo P3 by negative stimuli (t31  = 2.9, p ≤. 02). Abstinent abusers 
showed no evidence of such modulations. 
Correlations were performed between the electrophysiological measures in this 
task, drug use duration, and abstinence duration. No relationships were found between 
abstinence duration and the amplitudes of the nogo P3 components in the negative or 
positive conditions (p-values > .1). A marginal relationship was found between 
abstinence duration and nogo P3 amplitude in the neutral condition (r31 = .5, p ≤ .05). 
No relationship was found between drug use duration and the amplitude of the nogo P3, 
nor were any relationships found between drug use duration, abstinence duration, and 
the amplitudes of the nogo N2 components (p-values > .3).  
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4. DISCUSSION 
Recent structural imaging studies point to rapid and considerable changes in 
white matter structure as a function of duration of abstinence (Xu, 2010, Bell et al., 
2011), changes that are already manifest within the first few weeks following drug 
cessation. In the current study, as in the companion neuroimaging paper (Bell et al, this 
volume), we hypothesized that abstinent drug abusers would likely show some degree of 
recovery in their inhibition capabilities. We fully expected that this recovery would 
increase as a function of abstinence duration, and predicted that inhibitory functioning 
would likely be further enhanced under more salient, emotionally evocative contexts, on 
the premise that arousing inputs would serve to modulate underlying issues with 
hedonic tone. While we did find evidence of recovery, we found that abstinent abusers 
did not show modulation of their inhibition-related activation by emotional stimuli. 
 
4.1 Largely Intact Inhibitory Mechanisms in Abstinence 
 Using a Go/NoGo task with neutrally-valenced pictorial stimuli, we investigated 
inhibitory capabilities in abstinent former addicts, and found that not only were this 
group’s performance levels equivalent to those of non-using matched controls, but both 
the nogo N2 and the nogo P3 components of the ERP were found to be of statistically 
indistinguishable amplitude across groups. That is, abstinent abusers showed no 
detectable differences in their error rates and no evident difference in how their 
inhibitory neural circuitry was activated. As such, these results are quite distinct from a 
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considerable body of prior work where inhibitory deficits are found to be prevalent in 
currently using drug abusers (Franken et al., 2007b, Sokhadze et al., 2008, Yang et al., 
2009).  
 The fact that abstinent abusers showed no behavioral difficulties on the tasks 
may indicate recovery of inhibitory capabilities, and mimics closely the results of our 
related neuroimaging study (Bell et al, this volume). The present results also echo 
previous EEG work on the recovery of functions in abstinent abusers, where increases in 
the amplitude of the P300 component were observed (Bauer, 2001). However, it should 
be pointed out that the study of Bauer tested this in the context of a vigilance task, and 
unlike the current findings, P300 amplitudes were found to correlate with abstinence 
duration. We did observe a marginal finding between abstinence duration and P3 
amplitude in the neutral condition of the emotional Go/No-Go task, but this was largely 
driven by a few subjects, was not observed in the other conditions and would not survive 
correction for multiple comparisons. No relationship was found between nogo N2 and 
abstinence duration. It is possible that recovery of inhibitory capabilities occurred very 
rapidly after drug cessation, making the long durations of abstinence inconsequential in 
this case. The recovery of inhibitory control may also underlie our finding that self-
reported impulsivity did not differ significantly between the two groups, in contrast to 
previous work in active drug abusers where the presence of both impulsivity and 
aggression was observed (Moeller, 2002). Here, we did find that abstinent abusers 
reported higher scores on questionnaires relating to aggression, but they did not differ 
significantly from controls on the clinical measure of impulsivity. 
165 
 
 To fully investigate the contribution of inhibitory control mechanisms to 
cessation of substance abuse, our laboratory enrolled a cohort of abstinent cocaine 
abusers in a functional magnetic resonance imaging (fMRI) study (Bell et al, this 
volume). Participants in the fMRI study completed the same Go/No-Go task, consisting 
of neutrally valenced stimuli from the IAPS, as described in Task 1. The imaging data 
were entirely consistent with the electrophysiological findings presented here. As in this 
study, participants in the fMRI study demonstrated no differences in commission error 
rates and no detectable activation differences within the response inhibition circuit. 
Utilizing two different methodologies and two virtually discrete cohorts (with an overlap 
of only two participants), both studies independently provide evidence pointing to 
substantial recovery of inhibitory control in this population. Some consideration should 
be given, however, to the fact that all of the participants in our study were involved in in-
patient treatment centers, where they were required to attend meetings with counselors 
at least three times a week and received instruction on cognitive strategies focused on 
overcoming urges to use. This may have been a significant contributor to the observed 
recovery of inhibitory control, and may ultimately speak to the efficacy of such 
treatment strategies. 
 Previous work in addiction has suggested that inhibitory dysfunction, 
abnormalities in event-related oscillations and reduced P300 amplitude exist as 
vulnerability markers for drug and alcohol abuse (Porjesz et al., 2005, Kamarajan et al., 
2006). Several avenues of research support the vulnerability model, including animal 
models (Dalley et al., 2007, Belin et al., 2008) demonstrating that animals with low 
inhibitory control are more likely to escalate drug taking. Investigations into inhibitory 
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control in the siblings of substance abusers (Ersche et al., 2010) have also revealed that 
the siblings demonstrate reduced inhibitory control, suggesting a predisposition to drug 
abuse that may run in families. Similar to this, much work has shown that reduced 
inhibitory control leads to worse substance abuse outcomes (Aharonovich et al., 2006, 
Brewer et al., 2008, Streeter et al., 2008).  
 The present findings would seem to contradict this idea of reduced inhibitory 
control as a vulnerability marker for drug abuse. This line of reasoning would hold that 
the inhibitory control capabilities of this specific cohort returned to levels present before 
drug abuse began indicating that no vulnerability originally existed. However, it is also 
plausible that dysfunctional inhibitory control was indeed present before drug use began 
but that the rigors and imposed discipline of maintaining abstinence (i.e., exercising 
inhibitory control over drug use urges) corrected that previous vulnerability. Previous 
work by our group investigating abstinent cocaine abusers performing a similar Go/No-
Go task reported that successfully abstinent cocaine abusers demonstrated hyperactivity 
in prefrontal and cingulate cortex during response inhibitions and during errors of 
commission (Connolly et al., 2012). In this scenario, the findings presented here and in 
our previous fMRI study would be explained by these hyperactive inhibitory 
mechanisms masking any previous, vulnerability-related deficit. While it is possible that 
there was no inhibitory deficit present in our cohort to begin with, and that it is because 
of their intact inhibitory capabilities that they were ultimately capable of remaining 
abstinent, this seems quite unlikely considering their once chronic use. To disentangle 
these interpretations, a longitudinal study investigating inhibitory control both before 
drug use begins and how it recovers after sustained abstinence would be required.  
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4.2 Emotional Modulation 
 During inhibitions, healthy non-users showed modulation of the nogo P3 by 
valence. This aligns well with work demonstrating emotional modulation of different 
levels of processing (De Sanctis et al., 2012b)and also aligns well with previous data 
demonstrating the sensitivity of inhibitory processes to emotionally valenced inputs 
(Albert et al., 2010, Wang et al., 2011, Yuan et al., 2012). However, in those studies, the 
P3 was found to be enhanced in emotional conditions, whereas here it was reduced. 
Perhaps one explanation lies in the unequal distribution of neutral to valenced stimuli in 
the current paradigm, with the smaller number of positive trials providing enough 
salience to overcome the typically more effortful inhibition to valenced stimuli, and 
potentially by the fact that the valenced trials were intermixed with neutral trials and 
not separated into distinct blocks.  
 Abstinent abusers, on the other hand, showed no significant modulation of their 
inhibitory processes by emotion. This does not fit with the initial hypothesis which 
predicted improved performance in response to salient stimuli, and is in contrast to 
previous work in problem gamblers that showed improved accuracy and reaction times 
during an inhibition task when they performed the task with positively valenced or 
gambling stimuli (van Holst et al., 2012). However, the current data does correspond 
well with previous work demonstrating blunted emotional processing in drug abusers, 
both with cocaine cues present (Dunning et al., 2011), with smoking cues present 
(Luijten et al., 2011), and without any drug cues present (Aguilar de Arcos et al., 2005). 
This also echoes work illustrating the anhedonic, unmotivated state that many drug 
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abusers encounter (Janiri et al., 2005, Franken et al., 2007a), which may underlie their 
failure to respond adequately to emotional stimuli, especially during more recent 
abstinence. Work in adolescent substance abusers also demonstrates a tendency of this 
population to worsen their inhibitory performance during salient and reward-related 
tasks (Castellanos-Ryan et al., 2011). The inability of our current sample to modulate 
their electrophysiological responses by emotion, and perhaps even the finding of 
persistent differences relating to self-reported aggression, may be related to this 
tendency, indicating altered inhibitory processing in the face of more salient stimuli in 
this population.  
 While it was hypothesized that anhedonia might be a contributing factor to the 
blunted responses found in abstinent abusers, this trait was not directly measured in the 
abstinent cohort here. Future studies should focus on the relationship between 
anhedonia and inhibitory mechanisms, as well as determining how anhedonia may 
contribute to emotional blunting, using direct clinical measures of anhedonia.    
 While the lack of group differences between controls and once-chronic recovered 
users implies recovery, a cross-sectional design is not the most effective way to 
determine if recovery has truly taken place. A longitudinal study examining users as 
they begin abstinence would be necessary to more accurately document the recovery of 
these processes.  
 While it was hoped that self reports of drug of abuse would lead to measurable 
differences between those who chose cocaine as their drug of choice and those who 
chose heroin, we did not have enough heroin users to pursue any such analyses reliably 
and there were no trends toward any differences. Future work on any potential 
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differences in inhibitory control based on drug of choice would be a worthy research 
goal. 
 Our sample consisted of mostly men, which limits any ability to provide 
information about sex differences in abstinence. Future work should investigate 
normalization of inhibitory processes in female as well as male abstinent users.  
 
5. CONCLUSIONS 
 Abstinent former heroin and cocaine abusers were found to have wholly similar 
inhibitory control capabilities to those of a cohort of healthy non-addicts. The finding 
that the amplitudes of the nogo N2 and nogo P3 ERP components during successful 
inhibition were indistinguishable between groups, and that former addicts performed 
the task as efficiently as controls, suggests that long-term abstinent abusers recovered 
normal inhibitory capabilities as abstinence progresses. Of course, an alternate account 
could be that those users with stronger inhibitory capabilities ultimately have an easier 
time staying "clean." However, the sample here consisted of once-chronic users, 
suggesting that the findings are a function of recovery and not indicative of a pre-
existing "normal" state of inhibitory control. The combination of findings from this 
study and those of Bell et al. (this volume) provide compelling evidence for recovery of 
inhibitory control after sustained abstinence. 
  However, abstinent substance users still demonstrate aberrant processing of 
emotional stimuli, showing attenuated modulation of their electrophysiological 
responses compared to controls. This may explain why many abusers relapse in 
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emotional situations, especially early in their recovery. It also suggests that drug 
abusers, even well into abstinence, may fail to modulate inhibitory effort in the face of 
any appetitive stimulus, resulting in comparatively reduced control when confronted 
with salient reinforcers such as drugs of abuse.  
 The findings suggest that future work should focus on determining what roles 
emotional dysregulation, reward and anhedonia play in drug abuse, in order to 
determine how best to guide treatment to achieve normalized executive states that are 
associated with successful long term abstinence. 
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Figure legends  
 
Figure 18: Reaction times, hit and commission error rates for abstinent drug abusers 
and non-abusing control participants are displayed for task 1, where only neutrally 
valenced stimuli were used. No differences in performance between abstinent abusers 
and controls were found.  
Figure 19: Reaction times, hit and commission error rates for abstinent drug abusers 
and non-abusing control participants are displayed for task 2, where both neutrally 
valenced and emotionally valenced stimuli were used. No differences in performance 
between abstinent abusers and controls were found, regardless of whether the stimuli 
were neutrally or emotionally valenced. 
Figure 20: The nogo N2 and nogo P3 response waveforms associated with successful 
inhibitions for abstinent drug abusers and non-abusing control participants in the 
neutral response inhibition task are displayed in the left column. The nogo N2 and 
nogo P3 responses associated with successful inhibitions in the emotionally valenced 
response inhibition task are displayed in the right columns. The statistical cluster plots 
displayed below illustrate tests for between-group differences across the entire 
electrode array and all timepoints in the epoch of interest. Color values indicate the 
result of point-wise t-tests evaluating Controls vs Abstinent Abusers for the neutral 
conditions of task 1 and the neutral, negative and positive valenced conditions of task 2 
across a 900-ms epoch (x-axis) and electrode positions (y-axis: arranged from frontal 
to occipital sites in descending order) for the entire 72-electrode montage (see 
‘Materials and Methods’ section for details of electrode locations). For clarity, only 
tests where p < 0.05 are color-coded and only then when a minimum of 11 consecutive 
data points exceeded this criterion. As can be seen, there were no statistical differences 
found between groups during the N2 or P3 timeframes. 
Figure 21: The within-group modulations of nogo N2 and nogo P3 as a function of 
emotionally valenced stimuli during successful response inhibitions are displayed in 
figure 4. The statistical cluster plots below illustrate the within-group differences 
between valenced and neutral conditions for this task. Color values indicate the results 
of point-wise t-tests evaluating Neutral vs Negative trials and Neutral vs Positive 
trials for both groups across a 900-ms epoch (x-axis) and all electrode positions (y-
axis: arranged from frontal to occipital sites in descending order) for the entire 72-
electrode montage (see ‘Materials and Methods’ section for details of electrode 
locations). For clarity, only tests where p < 0.05 are color coded and only then when a 
minimum of 11 consecutive data points exceeded this criterion. As can be seen, there 
were no statistical differences found between as a function of valence for abstinent 
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abusers in the N2 or P3 timeframes, but control participants did show significant 
differences during the P3 timeframe.  
 
Table 4: 
Demographics 
Task 1 Task 2 
Neutral Go/No-Go Emotional Go/No-Go 
 
Abstinent 
Abusers Controls 
Abstinent 
Abusers Controls 
Age 39(±10) 41(±10) 40(±10) 41(±10) 
Education 12(±1.8) 12(±2) 13(±1.2) 12(±2) 
Sex (M/F) 19/1 20/1 17/0 16/0 
Ethnicity (African 
American/Not 
African American) 8/12 10/11 7/10 8/8 
Drug of Choice 
(Cocaine/Heroin) 13/7 NA 5/12 NA 
Drug Use In Months 
(Total) 124(±100) NA 134(±105) NA 
  Alcohol 52(±97) NA 78(±112) NA 
  Marijuana 20(±36) NA 29(±41) NA 
  Cocaine 66(±77) NA 79(±85) NA 
  Heroin 23(±48) NA 35(±59) NA 
Severity (KMSK 
Scale) 
      Alcohol 11(±5) NA 10(±5) NA 
  Marijuana 8(±5) NA 4(±5) NA 
  Cocaine 13(±2) NA 12(±4) NA 
  Heroin 4(±5) NA 5(±5) NA 
Abstinence duration 
in Months 15(±26) NA 17.7(±26) NA 
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Figure 18 
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Figure 19: 
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Figure 20: 
 
 
 
 
 
 
 
 
 
 
176 
 
Figure 21: 
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                                                    GENERAL DISCUSSION 
 The goal of the body of work presented here was to examine the cognitive and 
affective elements that may constitute a drug addicted phenotype. A model of drug 
addiction was proposed which addressed these  elements. The model was investigated 
via an examination of addiction severity, executive function and reward dysregulation in 
current cocaine abusers, and also by an investigation of the presence of executive 
deficits in the context of neutral and emotional stimuli in abstinent cocaine abusers.  
 The initial model predicted the presence of reward dysfunction, which would be 
marked by anhedonia and a preoccupation with intense reward. Further, executive 
dysfunction would be present in the form of poor inhibitory capabilities and lack of 
performance monitoring capabilities in reward-based, neutral and emotional situations. 
These two factors would interact and be associated with increased addiction severity. 
Based off the findings from the results here, certain aspects of the model remain while 
others must be modified. It should be kept in mind, of course, that the investigations 
took place in cocaine abusers and thus generalizability to other drugs of abuse is limited. 
 Anhedonia was investigated in both current users of cocaine and in controls and 
as expected, cocaine users were more anhedonic than controls. Cocaine users rated 
themselves as more anhedonic on both the physical and social trait scales and on the 
state scale of anhedonia. The main point of interest, however, was the finding that both 
the trait, not state, anhedonia measures were correlated with addiction severity. 
Further, this trait anhedonia, and even state anhedonia, was not correlated with cocaine 
withdrawal as indexed by the Cocaine Selective Severity Index. Clearly, anhedonia in the 
cocaine using group was longer lasting than just the anhedonia from a 24 hour 
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withdrawal would suggest, implying that reward deficiency may be a key symptom of 
addiction itself. Further, while abstinent abusers did not provide any information about 
anhedonia, the finding that they did not modulate inhibition by emotion in Chapter 4 
may suggest a blunting of response toward emotional stimuli entirely.  
 This reward deficiency and blunted emotional responding is the key feature of the 
Reward Deficiency Syndrome theory of drug addiction (Blum et al., 2000). Anhedonia 
as a trait may serve as a risk factor for addiction, as evidenced by findings where those 
with more lifetime anhedonia reported more drug use (Leventhal et al., 2010), and that 
those with anhedonia report more pleasure from using drugs like nicotine (Leventhal et 
al., 2009). Studies examining individual differences in dopamine have also found that 
those who have certain dopamine receptor subtypes also report more pleasure from 
using methylphenidate (Volkow, 2002b). These findings, and ours, support the model 
proposed here, in which one of the main features is the prediction that reward 
deficiency, as indexed by anhedonia, would be present. 
 One of the open questions about anhedonia in drug addiction, and indeed about 
anhedonia in general, is whether it primarily plays a role in anticipatory or 
consummatory reward processing. It was predicted that anhedonia would contribute to 
increased reward anticipation in addiction, as anhedonia would contribute to sensation 
seeking in order to alleviate this negative state. In depressed individuals, there is work 
that points to a role of anhedonia in anticipatory processes only (Shankman et al., 
2007), where such individuals do not show reward approach behaviors or motivation to 
the same extent controls do. However, other work has suggested that anhedonia in 
depression contributes to a general state of loss of pleasure that extends to reward 
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receipt as well (Klein, 1974). In substance abuse, research on these two elements of 
reward processing has thus far been inconsistent, with some work finding deficits in 
consummatory and anticipatory reward processes (Goldstein et al., 2006) and other 
work finding only increased conummatory reward in gambling abusers (Hewig et al., 
2010). 
  The investigation in chapters 1 and 2 shed light on this question. We 
anticipated that anhedonia would be associated with increased reward anticipation, and 
would be associated with blunted response to reward feedback. 
 Healthy controls showed an association with anhedonia only in anticipation of 
reward, where more anhedonia contributed to more negative amplitudes, suggesting 
increased anticipation and more preparation toward reward. This implies that 
anhedonia in healthy controls contributed to sensation seeking much the same way it 
did in cocaine users. However, anhedonia in this group was not associated with 
consummatory reward response. Only the cocaine users showed this association. This 
finding is in line with the incentive sensitization theory put forth by Robinson and 
Berridge (Robinson and Berridge, 2001). Cocaine users showed more motivation toward 
reward, but this was coupled with a reduced consummatory response to received 
reward. Anhedonia in these individuals closely follows the proposed model, in which 
impaired reward processing contributes to increased motivation toward reward but a 
decreased consummatory reward response. As Robinson and Berridge would phrase it, 
they experienced more "wanting" for the reward, but decreased "liking." 
 A second question about anhedonia in drug abuse is whether or not affects 
monitoring capabilities in the context of reward. It was predicted that preoccupation 
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with reward in cocaine addicts would bias attention away from monitoring behavior. To 
this end, in chapters 1 and 2 we investigated monitoring capabilities in the context of 
reward and reward prediction. Increased anhedonia was indeed associated with 
impaired task monitoring, but only in cocaine abusers. Cocaine abusers also showed 
deficits when re-evaluating reward prediction based upon task feedback. It is possible 
that this relationship between monitoring and anhedonia, and the finding that 
anhedonia contributed to a decreased consummatory reward response, was found only 
in addicts due to their increased anhedonia when compared to controls. It would be 
interesting to examine monitoring capabilities in more anhedonic controls to see if this 
relationship is unique to substance abuse. Intriguingly, a study by Padrao and 
colleagues (Padrao et al., 2012), examined responses to a monetary incentive delay task 
with healthy controls who were subdivided into anhedonic and non-anhedonic groups. 
The anhedonic controls indeed showed a reduced ability to sustain predictions of 
positive reward. However, they also found that anhedonic controls showed intact 
consummatory reward response, but showed reduced motivation toward rewards and 
increased response to punishment--quite the opposite of what was observed in the 
addicted population here. The model we proposed and the results supporting it may 
indeed suggest that increased reward motivation coupled with decreased consummatory 
response to be unique to anhedonia in the context of substance abuse. However, 
impaired monitoring may be linked with more intense anhedonia in general. 
 The findings related to task monitoring difficulties in drug abusers in the context 
of reward ties into the other half of the model, which addressed response inhibition and 
performance monitoring capabilities in substance abuse. It was predicted that executive 
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dysfunction would manifest as poor inhibitory control and reduced ability to monitor 
performance that would be associated with anhedonia in both reward and non reward 
contexts, and this reduced control would also be associated with addiction severity. 
Chapter 3 addressed this part of the model. Clear deficits in inhibitory control and 
performance monitoring were noted, implying that both these abilities are deficient in 
cocaine abusers. In addition, the finding that cocaine abusers showed reduced Pe 
amplitudes implies that error awareness in particular is impaired in this population, 
which is in accordance with previous work in cocaine users (Hester et al., 2007) and in 
cannabis abusers (Hester et al., 2009). Furthermore, it suggests that error awareness 
problems in cocaine addiction may also reflect a problem of poor insight, which has 
been observed in cocaine abusers. Poor insight has been shown to correspond to 
increased money spent on cocaine (Moeller et al., 2010).  
 As predicted, a correlation was observed in the controls between ERP indices of 
inhibition and self-reported anhedonia, where increased anhedonia was associated with 
increased N2 and decreased P3 amplitude. This reflected the pattern that has been 
observed in depressed individuals (Zhang et al., 2007). However, the findings from 
Chapter 3 also suggested a revision to the model was needed. While executive 
dysfunction, manifested in poor inhibitory control and impaired performance 
monitoring, was clearly evident in current cocaine users, it was not associated with 
addiction severity or with anhedonia in cocaine users, and addiction severity and these 
executive deficits were also not correlated. The latter finding is especially surprising 
considering the data that exists on the correlation between self-reported impulsivity and 
cocaine use (Moeller et al., 2001), and the data that exists on poorer executive control 
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predicting poorer treatment outcomes (Streeter et al., 2008). There was, however, one 
finding that suggested a link between executive control and drug use. This was a 
correlation between one of the ERP indices of cognitive control and duration of drug use 
in this work. This suggests that extremely long durations of drug use may have a 
cumulative neurotoxic effect that is independent of severity or intensity of use. It could 
also suggest that those with poorer cognitive control have a harder time successfully 
staying clean for any length of time. 
 Initially, it was proposed that the reward processing difficulties drug abusers 
encounter would exist as a result of altered dopamine processing in the mesolimbic 
pathway. Simultaneously, poor dopamine processing in the mesocortical pathway and 
thus poor dopaminergic modulation of cortico-striatal connections would result in poor 
top down control that would worsen along with anhedonia. The finding that executive 
control and anhedonia are not correlated in cocaine abusers casts doubt on this 
interpretation of how these systems interact in drug addiction. While executive 
dysfunction is clearly present, it is reward dysregulation that is actually associated with 
severity.  
 So what to make of the presence of executive dysfunction? The data here, and 
others, have shown that executive dysfunction is present in drug abuse (Garavan and 
Stout, 2005, Verdejo-Garcia, 2006, Garavan and Hester, 2007, Tomasi et al., 2007, 
Garavan et al., 2008). However, in Chapter 4, it was revealed that executive 
capabilities are normalized in the population of recovered cocaine and heroin addicts 
studied, but that this normalization did not correlate with abstinence duration. This, 
and the finding that duration, not severity, was associated with one measure of 
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executive function in Chapter 3 suggests a few possible roles for the presence of 
executive dysfunction in cocaine addiction.  
 It is possible that executive dysfunction in drug abuse comes about due to the 
cumulative, neurotoxic effects of the drug, which in the case of cocaine leads to altered 
blood flow (Volkow et al., 1988a) and vaso-constrictive effects that could contribute to 
ischemia (Levine et al., 1991). Indeed, work investigating working memory and cognitive 
abilities in cocaine users found that performance on a cognitive battery of 
neuropsychological tests related to verbal memory and arithmetic ability correlated with 
amount and recency of cocaine use (Omalley et al., 1992). However, the lack of a 
relationship between drug use severity and executive dysfunction in this population 
implies that neurotoxic effects of cocaine use, which would logically worsen with 
increased drug use severity, do not correspond necessarily to worsened top-down 
control in short amounts of time, but rather long durations. Further, a review by 
(Luijten et al., 2013) suggests that executive difficulties are encountered not only in 
substance abuse, but also in those who pursue behavioral addictions like gambling and 
gaming, which implies that these executive difficulties are not necessarily associated 
with drug neurotoxicity, but rather with addictive behavior itself. Given the findings in 
Chapter 4, It is possible that these maladaptive neuroplastic effects cease relatively 
quickly once the addictive behavior is discontinued. 
 Other work, however, has identified executive dysfunction in high risk 
individuals, including children and siblings of addicted individuals (Giancola, 1997, 
Kamarajan et al., 2005, Smith et al., 2013). It is possible that these risk factors lead 
users to begin drug experimentation and embark upon the unmonitored, reward-
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seeking pattern of behavior seen in Chapter 2, and may lead to the long durations of 
drug use that were associated with increased executive dysfunction in Chapter 3. In 
this scenario, executive dysfunction is not worsened by drug abuse, but is an important 
risk factor. The normalization we observed, then, may exist as a function of the 
treatment the participants received, as all of the abstinent participants in Chapter 4 
were or had been enrolled in treatment. This would imply that methodologies like 
cognitive behavioral therapy and learning to inhibit drug urges has a real effect on 
executive control. Of course, without a longitudinal study it cannot be determined with 
certainty if the executive normalization observed in Chapter 4 occurred as a result of 
abstinence or existed prior to it.  
A revised model  
 
 The data in Chapter 4, other work that has identified normalized executive 
control in abstinent cocaine users (Connolly et al., 2011, Bell et al., 2013), and the lack of 
a relationship between addiction severity and executive function in the current users in 
Fig 22: A revised model of substance abuse 
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Chapter 3, require a revision of the model. It is anhedonia alone, as revealed in 
Chapters 2-3, that seems to play a role in short term addiction severity, and emotional 
dysfunction, as revealed in chapter 4, is still apparent in abstinence. Further, 
anhedonia and executive function are not correlated in cocaine users. Executive 
dysfunction plays less of a role in severity than previously hypothesized. 
 One potential explanation for these findings, driven by the observation of a 
relationship between anhedonia and ERP markers of inhibition in healthy individuals in 
Chapter 3 that was not observed in cocaine users, is that an important aspect of 
cocaine abuse is reduced connectivity between brain regions, including the frontal and 
striatal regions of the brain. Rather than the initial prediction of the model, where 
connections between these regions would result in worsening deficits in both behaviors 
as the dopamine deficiency that gives rise to anhedonia becomes more severe, 
anhedonia and inhibitory processes would not be correlated in this scenario, as the 
connections between frontal-executive and motivational regions that would bring about 
this relationship are not present. Instead, the lack of top down control entirely may 
result in an individual motivated entirely by reward processing mechanisms without 
regard to monitoring behaviors toward reward or updating reward predictions--which is 
what we observed in Chapter 2. Indeed, this pattern has been observed previously in 
cocaine abuse, where altered connections between frontal and striatal regions, including 
increased connectivity in regions associated with motivational processes and reduced 
connections between the regions related to control over habitual responding, have been 
observed (McHugh et al., 2013, Mitchell et al., 2013).  
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 This leads us to a revised version of the model. Rather than a correlation between 
inhibitory control and anhedonia that leads both of these factors to interact with drug 
abuse severity, the presence of inhibitory control deficits and a lack of top-down control 
allows the reward processing system alone to drive reward seeking behavior such that 
individuals rely on sources of intense reward like drugs of abuse and do not monitor 
outcomes taken to obtain rewards. This gives rise to the relationship between anhedonia 
and addiction severity that we observed, which is then worsened by the effect of cocaine 
on dopamine release and subsequent reduction in DA receptor density (Martinez et al., 
2004). In addition, recovery from drug abuse is marked by very fast normalization of 
executive functions but generally slower recovery of systems that underlie inhibitory 
responding in emotional situations. This may result in worsened inhibitory control in 
the face of emotional stimuli, leading to relapse in emotional situations that is well 
known to occur in drug use (Fox et al., 2011). Of course, given the findings about the 
presence of anhedonia in addiction in Chapters 2 and 3, the other interpretation for 
the findings in chapter 4 is a simple lack of response to emotional stimuli at all as a 
result of continued anhedonia. Finally, while frontal deficits are not associated with 
addiction severity, duration of drug use and cognitive control do show an association 
that may be driven by neurotoxic, ischemic effects. This corroborates findings that 
illustrated detrimental effects on the prefrontal cortex of very long term cocaine use in 
monkeys (Beveridge et al., 2008). Of course, executive deficits may also exist as a risk 
factor. 
Revised Mechanisms for our model 
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While we cannot be certain of the underlying mechanisms based only off of ERP 
research that do not directly measure dopamine, it is clear that anhedonia may lead to 
unmonitored, reward seeking behavior. This could be driven by activity in the 
mesolimbic system, where poor dopamine activity results in reward seeking behavior 
and poorer monitoring of reward seeking behavior due to poor dopamine release in the 
Anterior Cingulate. Similarly, executive deficits are present. However, this is not directly 
correlated with degree of dopamine impairment in substance abuse the way it was found 
to be in controls in Chapter 3. Instead, the top down control that would come about 
due to connections between frontal and striatal regions is impaired in cocaine abusers. 
The mesocortical dopamine pathways that feed into these connections are hindered due 
to a lack of dopamine necessary to modulate these connections, resulting in diminished 
connections altogether. Thus, behavior will be influenced by reward from mesolimbic 
regions which are driven by reward anticipation like the striatum and midbrain, while 
the inhibitory regions of the PreFrontal Cortex (PFC), like the inferior frontal gyrus 
(IFG) and Supplementary Motor Area (SMA) (Chambers et al., 2009) are more poorly 
connected to these regions, and thus inhibitory control suffers. Finally, ischemic, 
neurotoxic effects of chronic cocaine use on the pre-frontal cortex will lead to poorer 
executive control over long periods of drug use, but these frontal deficits normalize in 
abstinent abusers who do not pursue addictive behaviors. Future work using 
connectivity analyses could shed light on this mechanistic interpretation of the model. 
Future Directions  
 These findings suggest several avenues for future research. While anhedonia is 
clearly associated with addiction severity, it is an open question whether or not this 
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reward dysregulation comes about due to initial drug abuse or is a factor in increasing 
risk for future dependence. Previous work has suggested that anhedonia is a part of an 
"addiction prone personality," that may have a genetic basis (Blum et al., 1995). In a 
study examining genetic and personality precursors to drug abuse, which was measured 
in adolescents by collecting information about drugs they had tried, hypodopaminergic 
functioning was found to be associated with the most drug experimentation in 
adolescent males (Conner et al., 2010). In females, however, the most salient predictor 
was the presence of stressful life events. This interpretation of low dopaminergic 
functioning being associated with increased risk toward substance abuse is also 
bolstered by the finding that hyperdopaminergic activity, evidenced by high numbers of 
D2 receptors in unaffected family members of abusers, may be protective (Volkow et al., 
2006). Work that follows young individuals longitudinally would be useful in 
determining anhedonia's role as a risk factor.  
 Another longitudinal examination should take place over the duration of relapse 
to determine if the normalization of inhibitory control observed in abstinent cocaine 
users in Chapter 4 and in other data (Connolly et al., 2012, Bell et al., 2013) is a 
function of abstinence or existed before successful recovery from cocaine abuse. This 
will also shed light on how duration of drug use plays a role in executive control. In 
addition, anhedonia should be examined throughout recovery in order to determine 
how persistent this state is when there are no acute effects from the drug. If anhedonia 
persists into abstinence beyond the effects of initial withdrawal, treatments should be 
tailored to address this negative state and hopefully enhance treatment adherence and 
success.  
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 While levels of stress were not directly measured in this body of work, it is well 
known in the literature that stress plays a strong role in the development and 
maintenance of drug abuse (see review by Sinha, 2001). In addition, stress itself has 
been shown to induce, in controls, the same pattern of potentiated reward wanting and 
reduced reward liking that we observed in cocaine users (Kumar et al., 2014). It is 
possible, especially given the above finding in adolescent females about stressful life 
events predicting drug use, that stress-induced anhedonia could lead to drug abuse or 
more severe drug abuse. Future work in drug abuse should examine these interactions 
between anhedonia and stress and observe how they relate to drug dependence.  
 Another aspect of anhedonia that deserves more intense study is social 
anhedonia. While not directly correlated with addiction severity in this sample, social 
anhedonia was clearly present and severe in the cohort of current cocaine abusers. This 
is intriguing since in animal models, chronic social defeat contributes to stress and 
increased drug self-administration (Miczek and Mutschler, 1996). However, in cocaine 
users, the presence of social anhedonia suggests that social interactions are less 
important to them, and the work in Chapter 4 implies even abstinent users encounter 
difficulty with emotional responding. On the flip side, lack of social networks and 
detached personalities are correlated to increased relapse in adult drug abusers 
(McMahon, 2001), and cocaine use is associated with poor empathy and diminished 
social cognition (Preller et al., 2013). Social anhedonia may result in social withdrawal 
and antisocial behavior over and above that seen as a result of drug abuse alone 
(Hussong et al., 2004). Tackling social anhedonia, a disinterest in acquiring the social 
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networks that appear to be important to successful recovery, appears to be a unique 
challenge in drug abuse research and treatment.    
 The finding that executive function is present in cocaine abusers who are 
successfully recovered opens up avenues for research in this area--notably, the use of 
executive function training in drug addiction treatment. Research already exists that has 
shown the usefulness of cognitive behavioral therapy approaches that instruct drug 
abusers in healthy thought patterns and teaches them to deal with craving (Carroll et al., 
1994, Carroll et al., 2008), but treatments like CBT are less effective in the face of 
already existing cognitive impairment (Aharonovich et al., 2003). While it has been 
thought that executive functions are fairly resistant to intervention, work in children 
(Riccio and Gomes, 2013) and in adults with Parkinson's Disease (Sammer et al., 2006) 
have shown that such training can improve executive functioning capabilities, and 
cognitive enhancement techniques have also shown promise in drug abusers (Sofuoglu 
et al., 2013). Indeed, work instructing cocaine users to inhibit craving has shown that 
they can successfully inhibit activations of reward regions (Volkow et al., 2010). 
Executive function training, especially training tailored to the development of inhibitory 
control and error awareness abilities, could be beneficial in cocaine abusers and an 
important element of future treatment strategies. 
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